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INTRODUCTION- 


Research  Initiation  Program .-  1981) 


For  several  years  prior  to  1983,  AFOSR  conducted  a  special  follow-on 
funding  program  for  Sumner  Faculty  Research  Program  (SFRP)  participants;  this 
was  popularly  known  as  the  AFOSR  Minigrant  Program.  That  program  was 
superceded  in  1983  by  the  Research  Initiation  Program  conducted  by  SCEEE. 

To  coqpete  for  a  1984  Research  Initiation  Program  award,  SFRP  participants 
must  submit  a  complete  proposal  ,and  proposed  budget  either  during  or  promptly 
after  their  SFRP  appointment  periods.  Awards  to  the  1984  participants  nay 
extend  through  15  December  1985. 

Each  proposal  was  evaluated  for  technical  excellence,  with  special 
emphasis  on  relevance  to  continuation  of  the  SFRP  effort,  as  determined  by  the 
Air  Force  laboratory/center.  The  final  selection  of  awards  was  the 
responsibility  of  AFOSR.| 

< 

The  most  effective  proposals  were  those  which  were  closely  coordinated 
with  the  SFRP  Effort  Focal  Point  and  which  followed  the  SFRP  effort  with 
proposed  research  having  strong  prospects  for  later  sustained  funding  by  the 
Air  Force  laboratory/center. 

The  maxi imin  award  under  the  Research  Initiation  Program  is  $12,000  plus 
cost-sharing  up  to  a  matching  total  amount. 

The  mechanics  of  applying  for  a  Research  Initiation  Program  award  are  as 
follows: 

(1)  Research  Initiation  Program  proposals  of  $12,000  plus  cost-sharing 
were  to  be  submitted  after  August  1,  1984  but  no  later  than 
November  1,  1984. 

(2)  Proposals  were  evaluated  and  the  final  award  decision  was  the 
responsibility  of  AFOSR  after  consultation  with  the  Air  Force 
Laboratory/center. 

(3)  The  total  available  funding  limited  the  number  of  awards  to 
approximately  half  the  number  of  1984  SFRP  participants. 

(4)  Subcontracts  were  negotiated  with  the  employing  institution, 
designating  the  SFRP  participant  as  Principal  Investigator,  with 
the  period  of  award  having  a  start  date  no  earlier  than  September 

.  1,  1984  and  a  oompletion  date  no  later  than  December  15,  1985. 

f- 

y  Employing  institutions  were  enoouraged  to  cost-share  sinoe  the  program  was 
v  designed  as  a  research  initiation  procedure.  Budgets  Included,  where 
t  applicable,  Principal  Investigator  time,  graduate  assistant  and  support  effort, 

\  equipment  and  expendable  supplies,  travel  and  per  diem  oosts,  conference  fees, 

'  indirect  costs,  and  computer  charges. 

P 

L  Volumes  I,  II,  III,  and  IV  of  the  1984  Research  Initiation  Program  Report 
A  contain  oopies  of  reports  on  the  89  subcontract  efforts  awarded  under  this 
i  program. 
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provided  when  available. 


8.  EFFECTS  of  TEMPERATURE  and  REACTANT 
SOLVATION  UPON  the  RATES  of  GAS-PHASE 
ION-MOLECULE  REACTIONS 


s 

10. 

f: 

& 

11. 

1 

$ 

12. 

RESEARCH  ASSOCIATE 
Dr.  Robert  W.  Courter 

Dr.  Myron  A.  Calhoun 

Dr.  S.  Deivanayagam 

Dr.  William  L.  Stone 

Dr.  John  W.  Sheldon 

Dr.  Keith  L.  Seitter 

Dr.  William  Czelen 

Dr.  Peter  M.  Hierl 


9.  EFFECTS  of  NUCLEAR  RADIATION  on  the  Dr.  Hermman  Donnert 

OPTICAL  CHARACTERISTICS  of  LASER  COMPONENTS 


AIRCRAFT-SURFACE  DYNAMICS 


AERODYNAMICS 


GENERATION  TECHNIQUE  for  TRANSONIC 
PROJECTILE  BASE  FLOW  PROBLEMS 

13.  Report  not  received  on  time.  Will  be 
provided  when  available. 


Dr.  George  R.  Doyle,  Jr. 


Dr.  Chen-Chi  Hsu 


Dr.  Chris  Reed 


Dr.  Kendall  Nygard 


Si 

K* 

$ 

'i  * 


ft 

f 

S 


& 


.  • . **  ■  *  - *  -  ■ ,  ■ .  * 


■  N  .V.V.V.V.V.VV*". 


k 

$ 


INTRODUCTION 


Research  Initiation  Program  -  1984 


For  several  years  prior  to  1983,  AFOSR  conducted  a  special  follow-on 
funding  program  for  Summer  Faculty  Research  Program  (SFRP)  participants;  this 
was  popularly  known  as  the  AFOSR  Minigrant  Program.  That  program  was 
superceded  in  1983  by  the  Research  Initiation  Program  conducted  by  SCEEE. 

To  compete  for  a  1984  Research  Initiation  Program  award,  SFRP  participants 
must  submit  a  complete  proposal  and  proposed  budget  either  during  or  promptly 
after  their  SFRP  appointment  periods.  Awards  to  the  1984  participants  may 
extend  through  15  December  1985. 

Each  proposal  was  evaluated  for  technical  excellence,  with  special 
emphasis  on  relevance  to  continuation  of  the  SFRP  effort,  as  determined  by  the 
Air  Force  laboratory/center.  The  final  selection  of  awards  was  the 
responsibility  of  AFOSR. 

The  most  effective  proposals  were  those  which  were  closely  coordinated 
with  the  SFRP  Effort  Focal  Point  and  which  followed  the  SFRP  effort  with 
proposed  research  having  strong  prospects  for  later  sustained  funding  by  the 
Air  Force  laboratory/center. 

The  maximum  award  under  the  Research  Initiation  Program  is  $12,000  plus 
cost-sharing  up  to  a  matching  total  amount. 

The  mechanics  of  applying  for  a  Research  Initiation  Program  award  are  as 
follows: 

(1)  Research  Initiation  Program  proposals  of  $12,000  plus  cost-sharing 
were  to  be  submitted  after  August  1,  1984  but  no  later  than 
November  1,  1984. 

(2)  Proposals  were  evaluated  and  the  final  award  decision  was  the 
responsibility  of  AFOSR  after  consultation  with  the  Air  Force 
Laboratory/ center. 

(3)  The  total  available  funding  limited  the  number  of  awards  to 
approximately  half  the  number  of  1984  SFRP  participants. 

(4)  Subcontracts  were  negotiated  with  the  employing  institution, 
designating  the  SFRP  participant  as  Principal  Investigator,  with 
the  period  of  award  having  a  start  date  no  earlier  than  September 
1,  1984  and  a  completion  date  no  later  than  December  15,  1985. 

Employing  institutions  were  encouraged  to  cost-share  since  the  program  was 
designed  as  a  research  initiation  procedure.  Budgets  included,  where 
applicable,  Principal  Investigator  time,  graduate  assistant  and  support  effort, 
equipment  and  expendable  supplies,  travel  and  per  diem  costs,  conference  fees, 
indirect  costs,  and  computer  charges. 

Volumes  1,  II,  III,  and  IV  of  the  1984  Research  Initiation  Program  Report 
contain  copies  of  reports  on  the  89  subcontract  efforts  awarded  under  this 
program. 
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ASSESSING  the  POTABILITY  of  GROUND 

WATER  BASED  DRINKING  WATER  SUPPLIES 
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RECEIVER 
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FACILITY  for  EVALUATING  INTEGRATED 

COMMUNICATION  SYSTEMS 

17.  FAR-INFRARED  ABSORPTION  PROFILES  for  Dr.  Ronald  L.  Greene 
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HETEROSTRUCTURES 

18.  EFFECT  of  POLE  PIECES  on  the  AXIAL  Dr.  James  D.  Patterson 

MAGNETIC  FIELD  in  TRAVELING  WAVE  TUBES 

19.  ENHANCING  MPC-DSS  to  INCLUDE  AUTOMATIC  Dr.  Philip  S.  Chong 
RESCHEDULING  and  ADAPTIVE  PERFORMANCE 

MEASURES 

Volume  II 

20.  PARAMETRIC  STABILITY  in  COST  ESTIMATING  Dr.  Thomas  R.  Gulledge,  Jr 
MODELS 


21.  ANALYSIS  of  AIR  FORCE  VEHICLE  CONDITION  Dr.  Bruce  N.  Janson 
RATINGS  FROM  HISTORICAL  DATA 

22.  THE  DEVELOPMENT  of  COMPUTATIONAL  Dr.  Harold  C.  Sorensen 

EFFICIENCIES  in  CONTINUUM  FINITE  ELEMENT 

CODES  USING  MATRIX  DIFFERENCE  EQUATIONS 

23.  CENTRIFUGE  MODEL  STUDY  and  FINITE  ELEMENT  Dr.  Yong  S.  Kim 
ANALYSIS  OF  BURIED  CONCRETE  BOX  CULVERTS 

24.  EFFECTS  of  FLUID  SHIFTS  and  HYPOVOLEMIA  Dr.  William  G.  Squires 
in  INDIVIDUALS  with  DIFFERENT  WORKING 

CAPACITIES  WHILE  RESTING  at  a  FIVE  DEGREE 
DECLINATION 

25.  STRUCTURE  OF  MOLTEN  IMIDAZOLIUM  CHLORIDE  Dr.  R.D.  Murphy 
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26.  ALTERNATIVE  COMPUTATIONAL  METHODS  for 
SEPARATED  FLOWS  about  PITCHED  FLAT 
SURFACES 

27.  NO  TITLE 

28.  FUNCTIONAL  ROLE  of  SEROTONIN  in  the 
CEREBELLAR  GLOMERULAR  SYNAPSE 

29.  CHOLINE  and  ETHANOLAMINE  PHOSPHOTRANS¬ 
FERASE  ACTIVITIES  in  GLOMERULAR  PARTICLES 
ISOLATED  FROM  BOVINE  CEREBELLAR  CORTEX 
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30.  DYNAMICS  OF  LARGE  SCALE  VORTEX  STRUCTURES  Dr.  Paul  H.  Chiu 
and  QUASI-LARGE  SCALE  STRUCTURES  in  the 
WAKE  of  a  SPLITTER  PLATE 


31.  FLOW  PHYSICS  THROUGH  A  PIERCED  MEMBRANE 


Dr.  Louis  C.  Chow 


32.  COMPUTATIONAL  STUDIES  of  RAMJET  COMBUSTOR  Dr.  K.M.  Isaac 
FLOW  FIELDS 


33-  FREE  STREAM  TURBULENCE  EFFECTS  on 

TURBULENT  HEAT  and  MOMENTUM  TRANSFER 

34.  STUDY  of  COLD  REACTING  and  COMBUSTING 
FLOWS  AROUND  BLUFF-BODY  COMBUSTORS 

35.  NLMERICAL  MODELING  of  MULTIPHASE 
TURBULENT  RECIRCULATING  FLOWS  in 
SUDDEN-EXPANSION  RAMJET  GEOMETRY 

36.  SiC  FIBER  REINFORCED  GLASS-CERAMIC 
COMPOSITES  in  the  ZIRCONI A/M AGNESI UM 


Dr.  Paavo  Sepri 


Dr.  Richard  S.  Tankin 
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TITANIUM  ALLOYS 

43.  THE  IMPACT  of  EXPERT  SYSTEMS  on  PERFORM-  Dr.  Sallie  E.  Gordon 
ANCE  and  COGNITIVE  STRATEGIES  in  DIAGNOSTIC 

INFERENCE 

44.  EFFECTS  of  ENRICHING  a  COMPUTER-INSTRUCTED  Dr.  Krystine  B.  Yaworsky 
PROCEDURALIZED  TASK  with  EXPLANATORY 

INFORMATION 

45.  SPECIFICATION  SEARCHES  in  COVARIANCE  Dr.  Robert  MacCallum 

STRUCTURE  MODELING 

46.  A  COMPUTATIONAL  MODEL  of  the  HUMAN  Dr.  David  Reynolds 

CARDIOPULMONARY  SYSTEM 
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INTRODUCTION 


Investigation  of  high-strength,  light-weight  thermally- 

j 

stable  polymers  has  been  pursued  since  1960  for  applications 
as  composite  matrix  materials  in  electronic  and  aerospace 
industries.  TGA  analysis  of  these  early  polymers 
demonstrated  a  high  thermo-oxidative  stability,  but  utility 
as  matrix  resins  for  advanced  composites  failed  or  was  not 
economically  feasible. 

Development  of  a  high  temperature  class  of  polymers 
known  as  polyimides  in  1972-1974  rekindled  interest. 


FIGURE  1.  THERMOGRAVEMETRIC  ANALYSIS  OF 
PVC,  PMM A ,  HPPE ,  PTFE ,  AND  PI 


Figure  1  shows  the  comparison  of  polyimides  with  PVC, 
PMMA ,  HPPE  and  PTFE  in  a  thermogravametr ic  analysis  at 
5°C/min.  in  nitrogen.  Polyimides  clearly  have  the  highest 
thermal  stability  of  the  group. 

Polymers  with  aromatic''  structural  units  are  superior  in 

thermal  stability  to  phenolics  and  epoxies  because  the 

aromatic  units  contain  a  minimum  of  oxidizable  hydrogen  atoms 

and  are  able  to  absorb  thermal  energy.  Of  the  major  classes 

of  polymers  that  possess  these  structural  units,  polyimides 

are  the  least  expensive  to  produce.  At  the  present  time 

poly imide-ad vanced  fiber  composites  are  being  used  in  a 

variety  of  high-temperature  structural  applications.  In  the 

next  ten  years,  approximately  40%  of  aircraft  will  be  of  • 

2 

composite  c on s t r uc t i o n .  Aromatic  polyimides  have  an 
outstanding  thermal  stability  and  consequently  are  useful  in 
applications  requiring  high  heat  resistance  such  as 
adhesives,  laminates,  moldings,  wire  and  structural  coatings, 
and  insulators. ^  ^ 

A  traditional  composite  is  composed  of  a  polymer  resin 
in  which  fibers  of  alumina,  glass  or  graphite  are  imbedded. 
One  disadvantage  of  this  approach  is  the  poor  adhesion  of  the 
resin  to  the  reinforcing  material.  Good  adhesion  and  lack  of 
voids  are  required  to  insure  strength  for  long-term,  high 
temperature  applications.  Molecular  composites  in  which 
molecules  act  as  the  reinforcing  material  should  enhance 
current  properties  and  have  prompted  research  into  wholly 


polymeric  composites. 

Aromatic  polyimides  can  form  linear  rigid-rod  molecules 
which  can  be  imbedded  in  matrix  resins  to  add  internal 
strength.  One  of  the  problems  encountered  in  the  formation 
of  the  polyimides  is  their'  low  solubility  in  common  solvents, 
due  to  the  high  amount  of  polarity  and  aromaticity.  This, 
coupled  with  their  high  transition  temperatures,  has  made 
them  difficult  to  fabricate  and  the  subject  of  many  research 

studies  directed  toward  the  preparation  of  soluble 

.  .  ..  12-42 

polyimides. 

Polyimides  are  generally  fabricated  in  the  polyamic  acid 
stage,  since  it  has  increased  solubility  and  can  be  molded 
and  closed  to  the  imide  at  high  temperatures.  However,  this 
practice  leaves  voids  in  the  material  caused  by  the  solvent 
and  water  evolved  in  the  imidization  process.  The  synthesis 
of  rigid-rod  polyimides  which  are  soluble  in  common  solvents 
would  circumvent  these  undesireable  processing  results,  and 
is  the  basis  for  this  research  effort. 


Polyimides  with  no  pendent  groups  show  low  solubility  in 

common  solvents.  Solubility  can  be  increased  by  addition  of 

33  43  44 

bulky  substituent  groups  on  the  polymer  backbone.  ’  ' 


The  increased  solubility  and  compatibility  should  allow 


rigid-rods  to  be  easily  incorporated  in  composites, 


Pyromellitic  dianhydride  is  an  ideal  monomer  for  the 


formation  of  rigid-rod  polyimides  because  it  is  highly 


symmetrical.  Polyimides  generated  from  pyromellitic 


swra 


dianhydride  suffer,  however,  from  a  lack  of  solubility  due  to 
unhindered  intermolecular  interactions.  Of  the  two  monomers 


involved  in  forming  a  polyimide,  a  dianhydride  and  a  diamine, 
previous  studies  suggest  that  the  dianhydride  structure  has  a 

greater  effect  on  the  solubility  than  the  structure  of  the 

..  .  37,38 

diamine . 


The  objectives  of  this  research,  then,  were  to  synthesize 
pyromellitic  dianhydrides  with  pendent  functions  to  decrease 
intermolecular  interactions,  and  to  investigate  their 
polymerization  with  common  diamines  to  establish  the 
conditions  required  for  polymerization. 


HISTORICAL 


Rigid-rod  Polymer  Composites 

Linear  polymers  that  have  only  single  bonds  allow  rapid 

conformational  changes  due  to  the  ease  of  rotation  around  the 

single  bond.  Cyclic  structures  in  the  backbone  of  the  chain 

can  drastically  inhibit  conformational  changes  and  increase 

the  rigidity  of  the  structure.  Para  oriented  units  produce  a 

"rigid-rod"  structure  that  is  linear  with  no  kinks  or  bends 

in  the  main  chain.  Condensed  systems,  such  as  aromatic 

polyimides,  show  a  more  pronounced  chain  stiffening  and 

possess  a  unique  combination  of  physical  properties.  These 

linear  polymers  have  relatively  high  melting  points,  low 

solubility,  very  high  Tgs,  increased  hardness  and  heat 
4  5 

resistance.  Thermal  stability  is  complemented  by  an 
excellent  radiation  and  solvent  resistance  and  other 
favorable  properties  such  as  mechanical  and  electrical 
stability  over  a  wide  temperature  range  of  300  -  500°C .  ^  ^ 
These  physical  properties  make  aromatic  polyimides  an 
excellent  choice  for  the  self-reinforcing  component  in 
polymer  composites.  The  rigid-rod  polymers  can  be  imbedded 
in  the  polymer  matrix  to  add  internal  strength,  thus  yielding 
a  superior  polymer  composite  in  which  voids  are  minimized 
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due  to  the  lack  of  water  or  solvent  in  the  composite. 
Additionally,  thermal  stability  is  increased  and  the  overall 
mechanical  properties  could  be  enhanced. 

Polvimides  and  Isoimides 

In  general,  polyimides  tend  to  be  insoluble  and 
intractable.  An  isomeric  form  of  an  imide,  commonly  known  an 
an  isoimide  _1_  can  be  used  to  enhance  p  r  oc  ess  i  b  i  1  i  t  y  without 
compromising  the  ultimate  thermal  and  thermo-oxidative 
stability. 

N  w 


The  isoimide,  when  compared  to  the  imide,  was  generally  found 
to  have  a  much  lower  melting  point  and  was  much  more  soluble 
in  a  variety  of  solvents.  The  isoimide  can  readily  be 
converted  irreversibly  to  the  imide  form,  either  thermally  or 
chemically.  Catalysts  include  dehydrating  agents  such  as 
acetic  anhydride  and  numerous  other  anhydrides  or  basic 

catalysts  such  as  pyridine,  quinoline,  isoquinoline,  or 

.  .  .  ,  52-54 

tnethylamine. 

Formation  of  the  cyclic  isoimide  structure  occurs  by 
cyclodehydration  of  the  amic  acid  precursor  by  selected 
chemical  reagents.  Generally,  chemical  dehydration  of 
N-s  u  b  s  t  i  t  u  t  ed  amic  acids  2.  gives  varying  ratios  of  isoimide 
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-  /COHHAfj-  inter molecutar  t  ^^COHCOAtjCONAfj 

^  ^  reaction  -H90  ?  M 

v  C  O  OM  '  * 


COOH 


In  one  instance  the  activation  energy  of  the 

intramolecular  process  was  higher  than  that  of  the 

intermolecular  process,  and  high  dehydration  temperatures 

42 

were  recommended  in  order  to  obtain  a  linear  polymer. 

Other  thermal  imidization  techniques  include  dehydration  by 
refluxing  the  polyamic  acid  solution  to  drive  off  water 
followed  by  complete  d e vo 1 i t i z a t i o n  at  elevated  temperatures 
Polyamic  acids  can  also  be  imidized  by  compression  molding  ai 
high  temperature.  Various  combinations  of  the  above 
techniques  are  used  to  fit  particular  requirements  and 
propertie  of  a  given  polymer. 


Pvromellitic  Dianhvdride  Pol ymers 

Aromatic  p o  1  y p y r ome  1 1  i t imi d e s  1_1_  are  prepared  by 
cyclization  of  soluble  polyamic  acid  precursors. 


-f-vXX> — } 


-diaminodiphenyl 


There  are  two  major  disadvantages  to  this  process.  The 

polyamic  acid  is  thermally  and  hydrolytically  unstable,  and 

water  is  given  off  during  the  imidization.  The  water  can 

6  2 

cause  partial  reversal  of  the  amidation  reaction. 

J 

Polymer  H  is  completely  insoluble  in  organic  solvents  and 

infusible,  and  must  be  processed  as  the  unstable  polyamic 

acid.  In  order  to  obtain  high  molecular  weight  polyimides, 

two  conditions  must  be  met.  They  are  the  absence  of 

moisture,  and  relatively  low  reaction  temperatures. 

Since  polyamic  acids  are  very  sensitive  to  water  and 

hydrolyze  easily,  the  solid  dianhydride  has  often  been  added 

to  a  solution  containing  the  diamine  to  prevent  premature 

63  6  A 

hydrolysis  prior  to  forming  the  polyamic  acid.  '  Reaction 
temperatures  are  usually  kept  below  35°C,  since  higher 
temperatures  have  several  destructive  effects.  Although  the 
presence  of  water  has  been  shown  to  catalyze  the  formation  of 
the  polyamic  acid,  the  presence  of  an  o-carboxy  group  on  the 
polymeric  polyamic  acid  allows  water  hydrolysis  of  the 

intermediate  amide  at  10^  times  faster  than  for  the 

,  ,  ,65 

un s u b s t l t u t e d  analog. 

Simultaneously,  water  can  also  hydrolyze  the  dianhydride 
monomer  as  well  as  the  anhydride  end  groups  of  the  growing 
polymer  chain  and  the  rate  of  hydrolysis  increases  with 
temperature.^  At  higher  temperatures  imidization  begins  and 
additional  water  is  formed.  If  the  imidization  proceeds  to 
an  appreciable  degree,  low  molecular  weight  polvimide 
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precipitates  and  further  chain  growth  is  effectively  stopped. 


For  each  dianhydride/diamine  pair  there  is  an  optimum 


temperature  and  solvent  system  for  which  best  results  are 

.  .  59,63,64,67-69,71-73 

obtained 


Improved  properties  for  po 1 y py r omel 1 i t imi des  made  from 


aromatic  diamines  include  increased  thermal  stability, 


outstanding  resistance  to  irradiation,  resistance  to 


mechanical  deformation  at  high  temperatures  and  resistance  to 


solvent  attack.  Their  zero  strength  temperatures  are  well 


above  the  550°C  value  for  aluminum.  The  zero  strength 


temperature  is  defined  as  the  temperature  at  which  a  film 


supports  a  load  of  20  lb  per  square  inch  of  film  cross 


section  for  5+0.5  sec 


Polymer  H  has  several  unique  properties.  Among  them  are 


good  mechanical  properties  to  500-600°C  and  a  zero  strength 


temperature  to  800°C.  No  Tg  has  been  found  in  the  range  from 


-100  to  +500°C.  It  is  flameproof  and  infusible,  and 


hydrolytically  stable,  with  solubility  limited  to  fuming 


HNO^.  It  remains  thermally  stable  in  air  to  420°C 


completely  volatilizes  in  5  hours  at  485°C  with  an  activation 


energy  of  33  kcal/mol.  Analysis  of  the  volatile  products 


indicates  cleavage  along  the  dotted  lines  in  _1_6 .  The 


remaining  carbonized,  probably  crosslinked  residue  (45%) 


displayed  semiconducting  properties. 
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TABLE  1 


POLYP YROMELLITIMIDES  SOLUBLE  IN  COMMON  SOLVENTS 

DIAMINE  SOLVENT  VISCOSITY 


''c”so1 


1 .5-1 .8 
^  inh 


Many  po 1 y py rome 1 1 i t imi d e s  exhibit  thermal  stability  in 
an  inert  atmosphere  up  to  500°C  without  noticeable  weight 
loss  (Figure  4).  Table  2  demonstrates  the  effect  that 
diamine  structures  1 7a - 1 7 i  can  have  on  the  properties  of 
polypyromellitimides.^ 


TABLE  2 


EFFECT  OF  AROMATIC  DIAMINE  STRUCTURE 
ON  POLYPYROMELLITIMIDE  PROPERTIES 


DIAMINE  COLOR/ 

CRYSTALLINITY 


SOLUBILITY 


THERMAL 
STABILITY 
275°C  300  °C 


ZERO 

STRENGTH 
TEMP.  °C 


77; 

17a 

Crystallizable 

amorphous 

>  1  y  r 

>  1  mo 

900 

• 

*  s 

h2so4 

crystalline 
insol  . 

% 

& 

Iff 

17b 

n 

amor  phous 

>  1  y  r 

900 

73 

t  •  « 

h2so4 

crystalline 

.  > 

V V 

insol . 

d 

17c 

highly 

fuming  HNO„ 

lmo 

900 

crystalline 

1  7  d 

slightly 

H2S°4 

7-10 

800 

V 

crystalline 

days 

> 

1  7  e 

crystallizes 

H  S°4 

15-20 

580 

t 

with 

difficulty 

days 

>•:> 

1 7  f 

deep  red/ 

fuming 

10-12 

6wk 

800 

> 

crystallizable 

hno3 

me 

*■■■ 

17  R 

yellow/ 

fuming 

>  1  y  r 

>  1  mo 

850 

55 

LV 

l 

crystallizable 

hno3 

1  7  h 

nearly 

h2so4 

>  1  mo 

colorless 

17j 

h2so4 

>  1  mo 

| 

A  sharp  decrease  in  intrinsic  viscosity  is  observed  if 
the  dehydrogenation  of  pol y d ih y d r o ph t ha  1 imides  occurs 

thermally  or  in  refluxing  nitrobenzene.  This  is  probably  due 

8 1 

to  decomposition  of  the  d ih y d r o ph t ha  1 imide  linkage. 

Polyimides  2_7,  formed  from  dianhydride  2_5  and  various 

diamines  26_  in  a  refluxing  m-cresol,  isoquinoline  mixture, 

gave  a  series  of  Tg's  which  are  illustrated  in  Table  3  and 

show  a  decrease  in  Tg  as  the  flexibility  of  the  diamine 

monomer  increases.  A  flexible  ether  linkage  in  the 

dianhydride  monomer  results  in  a  more  pronounced  lowering  of 

83  8  A 

Tg  than  the  presence  of  the  same  unit  in  the  diamine.  * 
Polyimides  made  from  4 , 4 ' - ( o x y d i - 1 , 4- ph en y 1 ene ) b i s 
( 2 , 4 , 5-Tr i phen y  1  ph t ha  1  ic  anhydride)  ( 2  5b  )  ^  and  diamine  26-29 
were  synthesized  to  study  the  effects  of  the  diamine  flexible 
linkages  on  the  thermal  stability  and  tractibility  of 
polymers  30-33  .  ^ 


TABLE  3 


L) 


GLASS  TRANSITION  TEMPERATURES  OF  PHENYLATED  POLYIMIDES  25 


Arl 

Ar  2 

Tg 

-0o0- 

41  1 

00 

397 

00 

-0- 

371 

-0- 

6- 

365 

0»0 

0-00- 

360 

~0°0 

0-CH,0 

356 

-00-0- 

352 

0 

0-0^00- 

315 

000 

^>-0-0-0-^ 

262 
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Results  indicated  increased  thermal  stability  for  a 


phenylated  dianhydride  as  compared  to  a  non-pheny lated 
analog.  A  decrease  in  thermal  stability  is  observed  as  the 
length  of  the  flexible  oxyethylene  linkage  increased 
(Table  4).  Viscosities  also  decrease  as  the  length  of  the 
linkage  increases. 


TABLE  4 

THERMAL  STABILITY  OF  PHENYLATED  POLYMERS 


POLYMER 

n 

^inh 

TG  A 

Air 

N2 

30. 

i 

1.06 

540 

510 

11 

2 

0.89 

500 

480 

11 

3 

0.65 

470 

455 

11 

4 

0.46 

435 

470 

lenoxvpvromellitic 

Dianhvdride 

and  Related 

Monomers 

Pyromellitic  dianhydrides  with  various  substituents  at 
the  3  and  6  positions  have  been  synthesized.  Twenty  examples 
were  found  in  the  literature  from  1933  to  1984,  Table  5 
summarizes  the  properties  and  uses  of  fourteen  examples  found 
in  the  literature. 
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TABLE  5 


SUBSTITUTED  PYROMELLITI C  DIANHYDRIDES 


Sl'BSTITUENT(S) 


MP°C 


3-chloro-6- 

(p-fluoroanilino) 


255-256 


-Or 


3-chloro-6-o- 

toluidino 


233-235 


NH  CM3 


3,6-bis(N-methyl- 

anilino) 


246-250 


N-CM- 


£CHa 
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REMARKS 


brown  red 
yield  =  62.5% 
verify  structure 
by  degradation 
and  resynthesis; 
precursor : 
(3,6-dichloro) 
reacted  with 
6-p-fluoroaniline 


brown  red 
verification 
of  structure  by 
degradation  and 
resynthesis; 
precursor: 

( 3 , 6-d ichl or o ) 
reacted  with 
o-toluidine , 
yield  =  63% 


formation  of 
bl ue  imides , 
mp  =  297-298°C; 
hyd  rolysis  gave 
the  pyromellitic 
acid,  mp  =  314-316°C 
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TABLE  5  continued 


SUBSTITUENT ( S ) 


MP°C 


REMAKKS 


3,6-dihydroxy 


yellow,  red  brown 
fluorescence 
in  uv  light, 
anionic  in 
nature ,  low 
solubility  in 
most  solvents 


3 , 6-dif luoro 


acid 

form 


derivatives 
useful  in  polymer 
synthesis  f or 
high  boiling 
fluid  ;  fungicides 
and  bactericides 
pharmaceutical 
i n  termed ia  t  es 


3-trifluoromethvl 


J  j 


3 , 6-d imethox v 

och3 


280-281  from  1-tri- 

f luoromethyl 
durene ,  precursor 
iododurene , 
yield  =  89% 

1)  CF3I,  2)HN03 

280-283  gold  crystals 

oxidize 
durene  pre¬ 
cursor  ,  then 
subl imed  to  form 
dianhydride 


3,6-dinitro 


225-230  color  due  to 

decreased  resonance 
between  carbonyl 
electons  and  N , 


TABLE  5  continued 


SL'eSTITL'ENT(S)  MP°C  REMARKS 


durylic  acid  form 
3,6-dianilinn  268 


-213  8  day  reflux  at 

100  °C,  filter 
off  Mn02  and 
acidify  filtrate 


typical  IR  bands 
of  anhydride 
substitute  aniline 
for  dichloro;  model 
imide  synthesis 
with  aniline  blue 
compounds 


3-a  n i 1 i no-6- 
c  h  1  o  r  o 


Cl 


9, 10-diphenoxy 
anthracene 
(related  cmpd . ) 


OoQ 


3,6-dibromo 


285  substitute  aniline 

for  chloro , 
used  for  forming 
imide  with 
aniline, 
gave  blue  cmpd. 


235-257  pale  yellow 
crystals, 
yield  =  22” 


270-275  lemon  yellow 
ozonation  of 
aromatic  compds., 
synthesis  from 
3,6-dibromodurene 


TABLE  5  continued 


SUBSTITUENT ( S )  MP°C  REMARKS 


3,6-dichloro 


265-270  lemon  yellow 


dissociation 
constants  of 
polycarbonacids 


pigments  and 
disperse  dyes 
for  resins, 
fibers,  lacquer 
and  printing 

vapor-phase 
oxidation , 

70  %  yield 

poloragraphic 
determinat ion 
1/2  wave  potential 
»  1 . 1  volts. 


charge  transfer 
bands  and  energies 
determined . 


chromatographic 
study  on  acceptor 
crystals,  heat  of 
formation  calculated 


Some  of  the  components  listed  in  Table  5  were  used  in 
polymer  formation  reactions.  Table  6  summarizes  the 
compounds,  the  polymers  and  selected  properties. 


TABLE  6 


SUBSTITUTED  PYROMELLTTIC  DIANHYDRIDES 
USED  IN  POLYMERIZATION 


SUBSTITUENT ( S )  COMONOMER 


3 , 6-d i b  r omo 


POLYMER 


3-benzovl 


"(JPG' 


o  ;  o 


R  *  Br 


3,6-dichloro 


R  *  Cl 


3 , 6-diiodo 


R  *  I 


3,6-dimethyl 


°  CK, 


M"~0-  0 
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TABLE  6  continued 


SUBSTITUENT  (  S ) 


3-benzoy 1 


COMONOMER 


POLYMER 


3 , 6-d i benzoyl 
laminates  310°C, 
good  resistance  to 
tensile  shearing 


BI 

63-<fr- 


3,6-diphenoxy 
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Stabilization  of  aromatic  polyimides  was  the  goal  in  the 
dibromo,  dichloro  and  diiodo  polyimides.  The  different 
substituent  effects  on  stability  were  studied  at  470-500°C 
and  in  the  presence  of  oxygen  (500  mm  Hg)  at  360-420°C.  The 
best  stability  was  seen  wi'th  a  0.1  mole  %  addition  of  the 
dibromo  dianhydride.  A  higher  content  of  additives  initiated 
oxidative  thermal  degradation.  The  effectiveness  of 
d i b r omod i a nh y d r i d e  in  initiating  thermal  degradation  was 
inversely  proportional  to  the  temperature. 

The  polyamic  acid  obtained  from  3 - ben zo y 1 p y r ome 1 1 i t ic 
dianhydride  ( _34_ )  and  4 , 4  ' -o  x  y  d  i  a  n  i  1  i  ne  (  35  )  (>7inh  =  °-96)’  or 
4 , 4  ' -d  iam  i  nod  i  phen  y  lme  thane  (^)  was  cast  into  films  and 
heated  or  chemically  treated  to  convert  to  the  polyimide.  A 
similar  polymer  was  derived  from  3 , 6-d i benzoy 1 p y romel 1 i t i c 
dianhydride  ( 3_7 )  and  3J5 .  Laminates  made  from  this  polymer 
showed  good  resistance  to  tensile  shearing. 

The  polymerization  of  3 , 6-d i ph e no x y p y r ome 1 1 i t i c 
dianhydride  (3J3)  and  b  i  sa  r  y  1  s  u  1  f  on  y  1  halides  by  a  Friedel- 
Crafts  procedure  produced  a  linear  po 1 y ( ar y 1 su 1 f one )  which 
was  useful  in  the  preparation  of  films  and  fibers  for  such 
applications  as  ablative  re-entry  nose  cones.  Interestingly, 
no  mention  of  the  use  of  3_8  in  the  preparation  of  polyimides 
was  made  and  the  details  for  the  synthesis  of  38^  were 
lacking. 
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EXPERIMENTAL 


Reagents  and  Instrumentation 

Starting  materials  included  durene,  phenol  and 
3-b r omo-o-x y 1 e ne  which  were  purchased  and  used  without 
further  purification.  The  diamine  1 , 3- b is ( 3-ami no- 
phenoxy ) benzene  was  obtained  from  the  USAF  Materials 
Laboratory,  Polymer  Branch,  WPAFB,  Ohio.  Solvents  for 
polymerization  were  purchased  in  purified  grade  or  purified 
by  distillation  before  use.  Nuclear  Magnetic  Resonance  (NMR) 
spectra  were  obtained  employing  a  Varian  EM-360-A 
spectrometer.  All  samples  were  run  in  deuterated  chloroform 
with  t e t r ame t h y 1 s i lane  as  an  internal  standard  and  sample 
concentrations  of  approximately  10%  (w/v).  Infrared  spectra 
(IR)  were  recorded  with  a  Beckman  Model  33  spectrometer  and  a 
Nicolet  5DX  FTIR  using  KBr  discs  and  thin  films.  Mass 
spectral  analysis  were  performed  by  AFWAL/MLSA  at  Wright 
Patterson  AFB,  OH.  Elemental  analysis  were  performed  by 
Midwest  Micro  Laboratories,  Indianapolis,  Indiana  and 
AFWAL/MLSA  at  Wright  Patterson  AFB,  OH.  Viscosities  were 
obtained  employing  a  Cannon  Ubbelohode  No. 75  viscometer  at 
concentrations  of  .05g/10ml  in  DMAC  at  30°C. 


Synthesis  o f  Monomers 

Model  Compound 
3-Phenoxv-o-xylene  ( 40 ) 

In  a  250  mL  three-necked  flask  fitted  with  an  air 
condenser  were  placed  3-bromo-o-xy lene  (13.92g,  0.075  mol), 
potassium  carbonate  (18.0  g,  0.130  mol),  phenol  (120.0  g, 

1.28  mol),  and  copper  bronze  (12.0  g).  The  mixture  was 
heated  to  160°C  for  twelve  hours.  The  hot  maroon  solution 
was  poured  into  a  sodium  hydroxide  (51.0  g,  1.28  mol) 
solution  (780  mL)  and  stirred  to  remove  excess  phenol.  The 
precipitated  product  was  extracted  with  ether.  The  ether 
solution  was  dried  with  magnesium  sulfate  and  evaporated. 
Recrystallization  of  the  residue  from  methanol  yielded  pale- 
yellow,  shiny  crystals  of  pure  3- ph eno x y -o-xy 1 ene 1 1 7  (9.26  g, 
62%) :  mp  56-57°C;  IR  (KBr )  3000-2900,  1600,  1500-1450  cm"1; 
NMR  (CDC13)  /2.2  (s,3H),  2.4  (s,3H),  7.0  (m,8H).  Anal. 

Calcd.  for  C^H^O:  C,  84.81;  H,  7.12.  Found:  C,  84.68;  H, 
7.12. 

3-Phenoxvphthal  ic  Acid  (41) 

A  250  mL  three-necked  flask  equipped  with  a  condenser  and 
magnetic  stirrer  was  charged  with  3 - ph en o x y -o-x y 1 ene  (4.5  g, 
0.0227  mol),  pyridine  (100  mL),  and  water  (40  mL,).  After 
heating  to  a  temperature  of  100°C,  potassium  permanganate 
(8.96  g,  0.057  mol)  was  added  slowly.  The  solution  was 


refluxed  for  3.5  h  at  110-120°C.  Vacuum  filtration  of  the 


9-Oxo-xanthene-l-carboxylic  Acid  ( 43) 

A  mixture  of  3-phenoxy ph t ha  1 ic  acid  (0.5  g,  0.0019  mol), 
and  concentrated  sulfuric  acid  (20  mL)  was  heated  on  an  oil 
bath  at  90°C  for  two  hours.  The  yellow  solution  was  poured 
into  water  (60  mL),  yielding  a  white  precipitate.  Vacuum 
drying  yielded  a  powdery  product11^*  (0.29  g,  3 1  % )  :  IR  (KBr) 
3000,  1735,  1634,  1625,  1600,  1300,  1075  cm-1. 

Monomers 

3-Iododurene  (45) 


heated  on  an  oil  bath  with  stirring  at  75°C  for  twelve  hours. 
The  hot  solution  was  then  poured  into  a  stirred  aqueous 
sod.um  bisulfite  solution  (150  mL),  (10.0  g,  0.096  mol)  to 
destroy  excess  iodine.  The  yellow  precipitate  was  collected 
by  vacuum  filtration  and  steam  distilled  (500  mL)  to  remove 
unreacted  durene.  Crude  3-iododurene  was  recrystallized  from 
ethanol  yielding  white,  fluffy  needles  (90.86  g,  94%):  mp  80- 
8 1 °C  (lit.114  mp  80 0  C )  ;  IR  (KBr)  2980-2825  ,  1  595  ,  1450,  1375  , 
1000,  860,  770,  690  cm-1,  NMR  (CDC13)  2.2(s,6H),  2.4(s,6H), 

6 . 7  (  s  ,  1  H  )  . 
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3-Phenoxvdurene  ( 46 ) 


A  500  mL  three-necked  flask,  fitted  with  an  air  condenser 

was  charged  with  3-iododurene  (20.8  g,  0.080  mol),  potassium 

carbonate  (12.0  g,  0.080  mol),  phenol  (80.0  g,  0.850  mol), 

and  copper  bronze  (8.0  g).-  The  maroon  mixture  was  heated  on 

an  oil  bath  for  twelve  hours  at  160°C.  The  hot  solution  was 

poured  into  500  mL  of  a  sodium  hydroxide  (34.0  g,  0.850  mol) 

solution  to  remove  excess  phenol.  The  precipitate  was 

filtered  and  extracted  with  hot  ethanol  to  produce 

electrostatic,  white  crystals  (10.8  g,  60%)  :  rap  109-1 10°C;  1R 

(KBr )  2950-2850,  1590-1575,  1475,  1375  cm"1.  NMR  (CDC13) 

Jl.9(s,6H),  2.2(s,6H),  6. 5-7 . 3(m,6H) .  Analysis  calculated 

for  C,,H1Q0:  C,  84.91;  H,  8.02.  Found:  C,  84.71;  H,  8.02. 
lo  la 

3-Phenoxvpvromellitic  Acid  ( 47 ) 

In  a  1000  mL  three-necked  flask  fitted  with  a  magnetic 
stirrer  and  reflux  condenser,  were  placed  3-phenoxy durene 
(9.21  g,  0.035  mol),  pyridine  (360  mL),  and  water  (150  mL). 
This  mixture  was  heated  to  100°C  and  potassium  permanganate 
(32.22  g,  0.204  mol)  was  added  slowly.  The  solution  was 
refluxed  at  110-120°C  for  3.5  h  Vacuum  filtration  of  the  hot 
reaction  mixture  through  celite  gave  a  clear,  pale  yellow 
filtrate.  The  filtrate  was  evaporated  and  the  residue  was 
treated  with  a  sodium  hydroxide  (12.0  g,  0.300  mol)  solution 
(220  ml).  The  mixture  was  heated  to  100°C  and  potassium 
permanganate  (19.3  g,  0.122  mol)  was  added  slowly.  After 
refluxing  for  1,5  h,  ethanol  (15  mL)  was  added  to  decompose 


t>OC4iCiCrCiCiM'£‘£^^^  (  WOOO^L  vS&lfe&K’ 


chloroform  (20  mL)  and  bromine  (10.0  mL).  Durene  (5.0  g, 
0.0373  mol)  was  dissolved  in  chloroform  (20  mL)  and  added 
dropwise  to  the  flask  with  stirring.  Hydrogen  bromide  gas  was 
evolved  as  the  durene  solution  was  added.  The  mixture  was 
stirred  for  1  h  and  poured  into  an  evaporating  dish  to  remove 
excess  chloroform  and  bromine.  The  residue  was  washed  with 
200  mL  of  aqueous  sodium  thiosulfate  (2  g,  .0126  mol), 
filtered  and  washed  with  100  mL  of  saturated  aqueous  sodium 
carbonate.  The  mixture  was  filtered  and  washed  with  water 
(100  mL).  Recrystallization  from  ethanol  yielded 

3 . 6- d  i  b  r  omod  u  r  e  ne  (9.64  g,  89%):  mp  200-201  °C  (lit.11^ 

200 °C ) ,  IR  (KBr)  2858  ,  1590  ,  1072  cm-1.  NMR  (CDC13) 

£  2 . 4  (  s  ,  1  2  H  )  . 

3.6- Diphenoxvdurene  ( 50 ) 

A  500  mL  three-necked  flask  fitted  with  a  condenser  and 
magnetic  stirrer  was  charged  with  dibromodurene  (11.67  g, 
0.0399  mol),  phenol  (79.89  g,  .8499  mol),  potassium  carbonate 
(11.04  g,  .0800  mol),  and  copper  bronze  (8.0  g).  The  maroon 
mixture  was  heated  on  an  oil  bath  for  12  h  at  160°C.  The  hot 
solution  was  poured  into  500  mL  of  aqueous  sodium  hydroxide 
(34.0  g,  0.850  mol)  to  remove  excess  phenol.  Vacuum 
filtration  produced  a  tan  powdery  product  mixed  with  copper. 
Extraction  with  ether  gave  creme  colored  crystals  (5.6  g, 
44”):  mp  1  SO- 1 8 1 °C  ;  IR  (KBr)  31  50  ,  2950,  1600,  1475  ,  1  375, 
1200,  730,  710  cm"1.  NMR  (CDC13)  j2.1(s,12H),  6.6- 
7.6(m,10H).  Analysis  calculated  for  C,  82.99; 


«*  .* 


H,  6.97.  Found:  C,  80.71;  H,  6.95. 


3,6-Diphenoxvpvromellitic  Acid  (51) 

In  a  500  mL  three-necked  flask  fitted  with  a  magnetic 
stirrer  and  condenser  were  placed  d i ph enox y d u rene  (4.33  g, 
0.0136  mol),  pyridine  (120  mL)  and  water  (45  mL).  The 
mixture  was  heated  to  100°C  and  potassium  permanganate 
(10.74  g,  .0679  mol)  was  added  slowly.  After  refluxing  for 
3  h  at  120°C,  the  hot  solution  was  vacuum  filtered  through 
celite,  giving  a  pale- yellow  filtrate.  Evaporation  produced 
a  residue  which  was  treated  with  145  mL  of  aqueous  sodium 
hydroxide  (8  g,  0.2  mol)  and  heated  to  100°C.  Potassium 
permanganate  (12.91  g,  0.0817  mol)  was  added  slowly.  After 
refluxing  for  1.5  h,  ethanol  (10  mL)  was  added  to  remove 
excess  potassium  permanganate.  Vacuum  filtration  of  the  hot 
solution  through  celite  produced  a  pale-yellow  filtrate  which 
was  evaporated  to  a  volume  of  50  mL.  The  cool  stirred 
solution  was  treated  with  cold  concentrated  hydrochloric  acid 
(15  mL)  to  produce  a  white  precipitate.  Effervescence  was 
observed  as  the  pH  went  from  14  to  2.  The  solution  was 
vacuum  filtered  to  yield  3,6-diphenoxypyromellitic  acid 
(4.79  g,  80% )  :  mp  180°C  (dec.-H20);  IR  (KBr)  3450-31  75, 

2375,  1725,  1600,  1475,  1200,  730,  710  cm-1. 

3,6-Diphenoxvpvromellitic  Anhydride  ( 38  ) 


A  50  mL  flask  was  charged  w i t h  '  3 , 6-d i ph e n o x y p y r o- 
mellitic  acid  (4.7  g,  .0117  mol).  The  flask  was  heated  under 


vs 


vacuum  at  190-220°C  for  2  h,  The  residue  and  sublimate  were 
recrystallized  from  toluene  to  give  yellow  needles  (3.23  g, 
69% )  :  mp  200°C  (sub.);  IR  ( KBr )  31  75,  1859,  181  3  ,  1590,  1472, 
1201,  915;  NMR  acetone,  d &  il . 2 ( m , 1  OH ) ;  mass  spectrum,  m/z 
(relative  intensity)  402(.,72,  M+),  309(.10,  M-0-0),  237(.36, 
281-C02),  209 ( . 1 5 ,  2377-CO),  94(.92,  0-OH),  77(100,  0). 
Analysis  calculated  for  C-^HjqOq:  C,  65.67;  H,  2.49.  Found: 
C,  64.96;  H,  2.51 . 


Synthesis  o f  Polymers 
Model  Compound 

N',N'-Diphenvl-3.6-diphenoxvpvromellitimide  (54,55  ) 

In  a  dry,  25  mL  three  neck  flask,  equipped  with  a 
nitrogen  inlet,  magnetic  stirrer,  stopper  and  short  path 
distillation  head  were  placed  aniline  (.11532  g,  .00124  mol) 
in  DMAC  (2  mL)  and  isoquinoline  (2  drops).  The  solution  was 
stirred  while  3 , 6 -d i ph eno x y p y r ome 1 1 i t ic  dianhydride  (.2500  g, 
0.00062  mol)  was  added  slowly  over  30  min.  The  solution  was 
heated  slowly  to  200°C.  The  DMAC  was  distilled  off  and 
replaced  one  milliliter  at  a  time  for  a  total  of  5  mL.  The 
solution  was  heated  for  1.5  h  to  close  the  imide. 
Precipitation  into  methanol  (300  mL)  produced  a  yellow-gold 
imide  >4  which  was  recrystallized  from  d i c h 1 o r ome t h a ne 
(.08  g,  32%);  IR  (KBr)  3150,  1780,  1720,  1201,  724  cm"1. 
Analysis  calculated  for  C^H-jqN^O^:  C,  73.92;  H,  3.65; 

N,  5.07.  Found:  C,  73.00;  H,  3.65;  N,  5.37.  An  additional 
compound  5_5  was  recovered  from  the  filtrate  and 
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recrystallized  from  acetone  to  give  orange  crystals  (.14  g, 
56.3%):  mp  199-203°C;  IR  (KBr)  3312,  1768,  1709,  1600,  1475, 

1200,  730,  710  cm  *.  Analysis  calculated  for  C_  ,  H- ,-N-O,  : 

34  z U  l  o 

C,  73.92;  H,  3.65;  N,  5.07.  Found:  C,  74.59;  H,  4.41; 

X  ,  6 . 4  5  . 

Polymerization  Procedures 
Procedure  _1_ 

In  a  dry,  25  mL  three-neck  flask,  equipped  with  a 
nitrogen  inlet,  magnetic  stirrer,  short  path  distillation 
head  and  stopper  were  placed  l,3-bis(3-aminophenoxy)benzene 
(.3632  g,  .00124  mol)  in  freshly  distilled  m-cresol  (4  mL) 
and  isoquinoline  (2  drops).  The  diamine  solution  was  stirred 
while  3,6-diphenoxypyromellitic  dianhydride  (.5000  g,  .00124 
mol)  was  added  slowly  over  30  min.  The  last  of  the 
dianhydride  was  washed  from  the  vial  with  m-cresol  (4  mL)  and 
toluene  (5  mL).  The  solution  was  heated  slowly  to  80°C  to 
effect  solution.  The  temperature  was  increased  to  140°C  to 
remote  toluene  and  azeotrope  water.  Additional  toluene 
(5  mL)  was  added  and  distilled  1  mL  at  a  time.  The  solution 
was  heated  to  180°C  for  1.5  h  to  close  the  imide,  and  then 
cooled  with  stirring  and  diluted  with  chloroform  (10  ml)  and 
pipetted  carefully  into  methanol  (1200  ml)  with  stirring  to 
give  a  yellow  poly imide  ( 58a )  (.61  g,  7  5  %  )  :  IR  (film)  from 
t e t r a c h 1 o r oe t h a n e  1772,  1730,  721  cm  Analysis  calculated 

for  C4QH12.N\Og:  C,  72.94;  H,  3.37;  N,  4.25.  Found:  C,  62.80; 
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Polvimide  (58b) 


procedure  1  was  used  except  that  the  final  solution  was 
diluted  with  tetrachloroethane  (10  mL)  and  stirred  overnight 

j 

at  room  temperature.  The  precipitate  (58b)  was  yellow 
(.57  g,  70%):  IR  (film)  from  tetrachloroethane  1772,  1730, 
721  cm  *.  Analysis  calculated  for  C^qH^^N^Oq:  C,  72.94; 

H,  3.37;  N,  4.25.  Found:  C,  71.34;  H,  3.49;  N,  4.19. 

Polvimide  (58c) 

Procedure  1  was  used  except  that  the  final  solution  was 
diluted  while  still  hot  with  tetrachloroethane  (10  mL)  and 
precipitated  into  methanol  (  1200  mL).  The  precipitate  ( 58c ) 
was  yellow  (.59  g,  72%);  IR  (film)  1774,  1734,  722  cm-1. 
Analysis  caluclated  for  C^qH22^2®8:  ^ ’  ?2.94;  H,  3.37; 

N,  4.25.  Found:  C,  70.95  ;  H,  3.40;  N ,  4.26 

Polvimide  ( 5Sd  ) 

Procedure  1  was  changed  by  decreasing  the  amount  of 
m-cresol  from  8  mL  to  5  mL.  The  temperature  was  increased 
from  180°C  to  250°C  and  the  water  was  removed  by  addition  of 
m-cresol  (2  mL)  which  was  distilled  and  replaced  over  4  h. 
The  m-cresol  was  distilled  and  replaced  with  DMAC  (10  mL)  as 
a  diluting  solvent.  The  polymer  was  precipitated  into 
methanol  (600  mL)  yielding  a  yellow,  flaky  polyimide  ( 58d ) 

( . 6  5g ,  80% )  :  IR  (film)  (DMAC)  vacuum  baked  1  776,  1  730,  1  589, 
1  22  1  ,  740  cm  Analysis  calculated  for 
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C,  72.94;  H,  3.37;  N,  4.25.  Found:  C,  70.81;  H,  3.54; 
N,  5.50. 


Procedure  2_ 

In  a  dry  25,  mL  three-neck  flask,  equipped  with  a 
nitrogen  inlet,  magnetic  stirrer,  short  path  distillation 
head  and  stopper  were  placed  1 , 3-bis ( 3-aminophenoxv ) benzene 
(.3632  g,  .00124  mol)  in  DMF  (4  mL),  and  isoquinoline 
(2  drops).  The  diamine  solution  was  stirred  while 
3,6-diphenoxypyromellitic  dianhydride  (.5000  g,  .00124  mol) 
was  added  slowly  over  30  min.  The  last  of  the  dianhydride 
was  washed  from  the  vial  with  DMF  (4  mL).  The  solution  was 
heated  to  80°C  to  effect  solution.  The  temperature  was 
increased  to  153°C  to  distill  off  DMF  and  water.  Additional 
DMF  was  added  and  distilled  off  1  mL  at  a  time.  The  solution 
was  heated  to  200°C  for  1.5  h  to  close  the  imide.  The 
solution  was  cooled  with  stirring  and  precipitated  into 
me’hanol  (  1200  mL)  to  give  a  powdery  Polyimide  ( 58e )  (.54  g, 

66% ) :  IR  (film)  (DMF)  vacuum  baked  3332,  3097,  1776,  1738, 

1600  ,  1  2  19,  724  cm-1  . 

Pol v imide  ( 58  f  ) 

Procedure  2  was  used  except  that  the  room  temperature 
polyamic  acid  solution  was  followed  by  infrared  analysis  over 
time  to  observe  conversion  to  the  imide.  A  sample  was  vacuum 
baked  at  200°C  for  24  h  to  close  the  imide  ( 5  8  f  )  .  IR  (film) 

(DMF)  0-1  . 5  h  3  543,  34  37  ,  2922  ,  1  784  ,  1  70  1,  1  2  55  ,  1  095,  cm'1. 


IR  (film)  vacuum  baked  3520,  3117,  1774,  1741,  1593,  1396, 
1197,  941,  831,  722  cm-*.  Analysis  calculated  for 

C40H22N2°8:  C’  72'94;  H'  3*37;  N*  4-25-  Found:  C,  71.21; 

H,  4.03;  N,  5.03. 

Procedure  _3 

In  a  dry,  25  mL  three-neck  flask,  equipped  with  a 
nitrogen  inlet,  magnetic  stirrer,  short  path  distillation 
head  and  stopper  were  placed  1 , 3-bi s ( 3-aminoph en oxy  )  benzene 
(,3632g,  0.00124  mol)  in  vacuum  distilled  DMAC  (4  mL),  and 
isoquino-line  (2  drops).  The  diamine  solution  was  stirred 
while  3 , 6-d i phenoxy py r ome 1 1 i t ic  dianhydride  (.5000g,  .00124 
mol)  was  added  slowly  over  30  min.  The  last  of  the 
dianhydride  was  washed  from  the  vial  with  DMAC  (4  mL).  After 
stirring  at  room  temperature  for  30  min.,  a  sample  was 
transferred  to  a  salt  plate  and  vacuum  baked  at  200°C  for 
24  h.  Samples  of  the  polyamic  acid  were  taken  at  24°C,  45°C, 
65 °C,  and  85°C  and  compared  by  infrared  analysis.  Additional 
DMA C  (5  mL)  was  added  and  distilled  1  mL  at  a  time  to  remove 
water.  The  solution  was  heated  to  200°C  for  1.5  h  to  close 
the  imide,  cooled  with  stirring  and  precipitated  into 
methanol  (1200  mL)  to  give  tan  powdery  flakes  of  imide  ( 58  g ) 
yielding  (64  g,  78%):  IR  (film)  (DMAC)  arnic  acid  80°C  3481, 


2922  , 

1720 

,  1641, 

1545,  1180,  1012.  IR 

(film) 

(DMAC)  vacuum 

baked 

1811 

,  1  728, 

1591,  1485,  945,  680 

-1 

cm 

Analysis 

calculated 

for  C40 

H22N2°8:  C’  72  *94  ;  H* 

3.37;  N 

,  4.25. 

Found  : 

:  C, 

69.75  ;  H 

,  3.57;  N,  5.40. 
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Po 1 v im i d °  ( 58h  ) 

Procedure  3  was  changed  in  that  HPLC  grade  DMAC  was 
used.  precipitate  was  a  gold-tan  flaky  polyimide  ( 58h ) 


yielding  (.37  g,  91%):  IR  (film)  (DMAC)  vacuum  baked  1811, 

i  i  i  rt  1  ,  /  n  fr  r\  /  c  £  n  —  1  .  ,  •  .  .  .  \  r 


1728  ,  159  1  ,  1485  ,  945  ,  680,  cm  .  Analysis  calculated  for 
C40H22N2°8:  Cf  72*94;  H*  3.37;  N,  4.25.  Found:  C,  70.29; 
H,  4.02;  N,  5.45. 


Polyimide  ( 58 i ) 

Procedure  3  was  altered  by  halving  the  molar  ratio  of  the 
reagents  and  decreasing  the  volume  of  HPLC  grade  DMAC  from  8 
mL  to  3  mL.  Toluene  (5  ml)  was  added  and  distilled  to  remove 
the  water.  The  precipitate  ( 58i )  gave  burnt  orange  flakes 


( . 39g ,  95.5%)  IR  (film)  (DMAC)  vacuum  b^ked  1759,  1725  ,  1600, 

1  /  C  A  I  TAA  T  /  A _ —  1  1 _ 1  _ j  _  1  _  C  _  _  A  If  ,1  A 


1450,  1200,  742  cm  .  Analysis  calculated  for  ^(^22^203 


C,  72.94;  H,  3.37;  N,  4.25.  Found:  C,  69.34;  H,  3.65; 
N,  5.77. 


Polvimide  ( 5 8  j ) 

Procedure  3  was  altered  by  reducing  the  molar  ratios  of 
the  reagents  by  half  and  using  3  mL  of  HPLC  grade  DMAC.  No 
samples  of  the  amic  acid  were  taken  and  the  solution  was 
refluxed  for  1  h.  The  DMAC  was  distilled  off  and  toluene 
(5  mL)  was  added  and  distilled  to  azeotrope  water.  This  was 
repeated  with  a  reflux  time  of  2  h.  Repetition  of  this 
procedure  for  an  additional  two  times  with  reflux  times  of 
3  h  each  was  followed  by  a  final  reflux  time  of  15  h.  The 
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iIMP 


polymer  solution  was  precipitated  into  methanol  (600  mL 
give  a  dark-orange,  flaky  product  ( 58  i )  (.39  g,  95.5%): 
(film)  (DM AC)  vacuum  baked  1759,  1725,  1600,  1450,  1200 
742  cm  *.  Analysis  calculated  for  C40H22N2°8:  C*  72*94 
H,  3.37;  N,  4.25.  Found:  'C,  71.56;  H,  3.97;  N ,  4.75. 
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RESULTS  AND  DISCUSSION 

Monomer  Synthesis 

The  major  objective  of  this  research  was  to  synthesize  a 
dianhydride  with  one  or  more  phenoxy  substituents  which 
should  theoretically  lead  to  an  increase  in  the  solubility  of 
a  polyimide  by  decreasing  i n t e r mo  1 ec u 1 ar  interactions. 
Whereas,  the  introduction  of  side-chain  or  main-chain 
aliphatic  linkages  sharply  reduced  the  thermal  stability  of 
pol y p y rome 1 1 i t imid es ,  wholly  aromatic  p o 1 y p y r ome 1 1 i t im l d es 
exhibit  excellent  resistance  to  thermal  oxidative  attack.^ 
Thus,  a  phenoxy  group  appeared  to  be  an  ideal  side-chain 
pendent  because  of  its  thermal  stability  and  relative  ease  of 
introduction. 

Model  Compound 

Investigation  of  a  model  compound  prepared  from  3-bromo- 
o-xylene  ( 39_)  ,  was  investigated  to  establish  synthetic 
procedures  and  to  determine  whether  a  phenoxy  pendent  group 
ortho  to  an  acid  function  would  preferentially  cyclize 
internally  to  give  a  xanthone  type  4_3  product. 

The  reaction  of  3-bromo-o-xy 1 ene  (39)  with  phenol, 


copper  and  potassium  carbonate  yielded  3-phenoxy-o-xvlene 
(4£) ,  which  was  purified  by  recrystallization  from  methanol. 


TABLE  7 

PHYSICAL  PROPERTIES  OF  MONOMER  MODEL  COMPOUNDS 


COMPOUND 


MP°C  YIELD 


56-57 


202-203 
(204  ) 


106-107 

(106-108) 


175,  crude 
(231-232) 


IR  (KBr) 


3150-2900  (CH  arom.,  alip.) 
1600  (C=C) 

1500-1450  (C-0-0) 

3400-2400  (OH  acid) 

1700  (C=0) 

1600  (C=C) 

1300  (C-O-C) 

1850  (C-0) 

1790  (C-0) 

1625,1475  (C=C) 

1275  (C-O-C) 

3000  (OH  acid) 

1735  (C=0)  acid 
1634  (C=0)  ketone 
1600  (C=C ) 

1300  (C-O-C) 


The  infrared  spectra  of  compounds  40-43  (Figures  5-8) 
are  consistent  with  the  functional  group  conversioins  carried 
out.  The  NMR  spectrum  of  compound  4_0  (Figure  9)  shows 
nonequivalent  methyl  groups  at  Si, 2  and  2.4  and  the  aromatic 
hydrogens  at  ,57.0. 
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Monophenoxy  Dianhvdride 

The  preparation  of  3-pheno x y py r omel 1 i t i c  dianhydride 
( 48a )  was  undertaken  because  the  unsymmetrical  placement  of 
the  pendent  group  would  decrease  symmetry  and  would  likely 
increase  the  solubility  of  the  dianhydride. 

Durene  (44.)  was  reacted  with  iodine,  iodic  acid,  acetic 
acid,  concentrated  sulfuric  acid,  water  and  carbon 
tetrachloride  to  produce  known  3-iododurene  ( 45  )  ♦  ^  ^  The  NMR 
spectrum  of  4_5  (Figure  15)  is  consistent  with  an 
unsymmetrically  substituted  benzene  indicated  by  the 
nonequivalent  methyl  absorptions  at  J 2.2  and  2.4.  Compound 
4  5  was  used  to  prepare  3 -ph  enoxy  d  u  r  e  n  e  (4^)  using  phenol, 
copper  bronze  and  potassium  carbonate  as  previously 
discussed.  The  NMR  spectrum  of  4j6  (Figure  16)  again  shows 
nonequivalent  methyl  absorption  at  J  1.9  and  2.2  in  accord 
with  the  electron  donating  nature  of  phenoxy  as  compared  to 
halogen. 


lx 

hio3 

CH3COOH 


HjS04, 

CCI4. 


44 


45 


48  4>0H,Cu, 

K2co3(150*C 


I )  K  MNO4,  pyrid  j  n* 


2)  KMNO^.NaON, 
HjO 


47  h«at 


M 
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HOOCy^COOH 


HOO  C 


CO  OH 


48 


m 

If 


MV 


Oxidation  of  4_6  in  a  two  step  sequence  as  for  the  model 


compound  4_0  produced  the  tetraacid  3-phenoxy  py  r  omel  1  i  t  ic 
acid  (4_7 )  .  The  infrared  spectrum  of  4_7  (Figure  13)  is 
consistent  with  the  structure. 

Pyrolysis  of  4_7  intended  to  yield  3-phenoxy  pyromellitic 
dianhydride  ( 48a  )  .  gave  instead  9 -o xo- xan t hene- 1 -ca r boxy  1 ic 
ac  id-3 , 4-d  icar  boxy  1  ic  anhydride  (4_8)  a  lemon  yellow  compound 
readily  recrystallized  from  toluene.  Mass  spectral  analysis 
of  4_8  (Figure  17)  confirmed  the  molecular  weight  and  infrared 
analysis  (Figure  14)  confirmed  the  presence  of  acid, 
anhydride  and  ketone  functions. 

A  summary  of  physical  properties  for  the  monophenoxy 
compounds  is  given  in  Table  8. 
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Pi phenox v  Dianhvdride 

Durene  (  44 )  was  reacted  with  bromine  and  iron  in 
chloroform  to  produce  3 , 6-d  i  bromo-durene  (4^5)  .  As  expected, 
3 , 6-d  i  b  r  omodu  r  e  ne  (4^.)  exhibits  a  simple  NMR  spectrum 
(Figure  21)  with  a  single  peak  at  J2.4. 

The  reaction  of  49_  with  phenol,  copper  bronze  and 
potassium  carbonate  gave  3 , 6-d  i  phenoxydurene  (  5J3)  .  The  NMR 
spectrum  of  5_0  is  shown  in  Figure  22.  The  expected  aromatic 
and  alphatic  absorptions  are  observed. 
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<3^CH3 
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Polvmer  Synthesis 


The  second  objective  of  this  research  was  to  synthesize 
a  polyimide  from  the  aforementioned  dianhydrides  48a  and  38 . 
Work  with  the  monosubstituted  system  48a / 48  was  discontinued 
pending  the  use  of  an  alternate  anhydride  formation  reaction. 
The  diamine  1 , 3- b is ( 3- ami no ph e no x y ) ben zen e  was  chosen  because 
it  has  aromatic  units  which  are  associated  with  thermal 
stability  as  well  as  meta  and  ether  linkages  which  could  add 
and  therefore  impart  increased  solubility  to  a  polyimide. 

Model  Compound 

Reaction  of  3 , 6 -d i phen o xy py r ome 1 1 i t i c  dianhydride  ( 38 ) 
with  aniline  (_5_3)  in  DMAC  and  isoquinoline  gave  two  products. 

The  physical  properties  of  the  two  compounds  are  listed 
in  Table  10  and  the  infrared  spectra  are  shown  in  Figure  26 
and  Figure  27.  Compound  ( 5_4)  ,  a  bright  yellow  powder, 
decomposes  at  436  -  438  °C. 
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TABLE  10 


PHYSICAL  PROPERTIES  OF  MODEL  IMIDE  AND  AMIC  ACID 


COMPOUND 

%Y I  ELD 

MP°C 

IR  ( KBr ) 

cm 

imide 

54 

32 

436-438 

31 50(arom . (C-H) 
1780,1720  (C«0) 
1202  (C-O-C) 

722 

amic  acid 

56 

199-202 

3312  (OH) 
1768,1709  (C  =  0) 

11 

1600  (C=C) 

1475  (C=C) 

1200  (C-O-C) 
730,710  (mono, 
sub  .  a  rom  .  ) 

It  was  obtained  by  precipitation  of  the  reaction  mixture 
in  methanol  and  could  be  r e c r y s t a  1 1  i  z e d  from  methylene 
chloride.  The  IR  suggests  that  it  is  an  imide.  Compound  5_5_ 
however  was  soluble  in  methanol  and  did  not  precipitate. 
Evaporation  of  the  filtrate  gave  an  orange  compound  which 
was  r ec r y s ta 1 1 z ed  from  acetone  and  has  a  melting  point  of 
199-202°C.  The  infrared  spectrum  suggests  that  this  compound 


is  the  amic  acid  5_5.  The  elemental  analysis  of  compounds  _54_ 
and  5_5  are  consistent  with  either  imide,  amic  acid  on  a 
compound  with  one  imide  and  one  amic  acid  functionality.  The 
results  do  suggest  that  ring  closure  to  an  imide  is  a 
difficult  process  and  should  be  of  importance  in  polymer 
forma  t i on . 

Pol vmer s 

The  reaction  of  3 , 6-d i ph en oxy py r ome 1 1 i t ic  d ianh ydr ide ( 38 ) 
and  1  ,  3-b  i  s  (  3-am  i  nophenoxy  )  ben  z  ene  (56.)  was  carried  out 
employing  three  procedures.  Each  was  chosen  because  it 
represented  an  accepted  polyimide  synthetic  procedure.  The 
progress  of  the  reaction  was  followed  by  FTIR  when  possible 
or  desirable . 


Polymers  58a .  58b .  and  58c  were  produced  using  toluene 
as  an  azeotroping  agent.  Polymer  58d  was  produced  using 
m-cresol  as  both  solvent  and  azeotroping  agent.  It  is 
evident  from  the  infrared  spectra  (Figures  28-31)  that  imide 
formation  has  occurred  in  each  case.  The  viscosities, 
however,  indicate  low  molecular  weights  with  54a  being  the 
highest  and  58d .  in  spite  of  higher  yield,  the  lowest.  It  i 
interesting  to  note  that  all  of  these  polymers  form  good 
films  in  spite  of  low  viscosities. 

The  infrared  spectra  of  58a  and  58d  exhibit  the  least 
absorbance  in  the  NH  stretch  region  (3200  cm'^ )  and  appear 
to  be  the  most  "closed"  imides.  Absorption  in  this  region 
can  also  be  due  to  m-cresol,  water,  end  groups  and  a  variety 
of  other  functionalities. 
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The  solubility  of  58a  in  common  solvents  was  determined 
at  room  temperature  at  a  concentration  of  0.02  g/mL  solvent 
and  follows  the  order: 

DMF>  TCE>  DCE>  m-cresol>  CHCl^ 

The  second  procedure  ^utilized  d imethylformamide  as  the 


solvent  , 

azeotroping 

agent,  and 

dilution 

solvent 

.  Table  12 

summarizes  the  results  of  this 

procedure 

• 

TABLE 

12 

PROCEDURE 

2  RESULTS 

POLYMER 

COLOR 

% YI ELD 

^  i nh 

TIME 

TEMP.  °C 

58e 

tan 

64 

.10 

1.5  h 

180 

58  f 

orange 

NA 

NA 

24  h 

180 

solution  vacuum 

amic  acid  baked 


Polymer  58e  was  dissolved  in  TCE  and  evaporated  to  give 
a  film  which  showed  N-H  bands  at  3250-3150  cm  ^  as  seen  in 
Figure  32.  Vacuum  baking  the  film  produced  some  growth  in 

the  length  of  the  imide  bands  at  1780  and  1740  cm  *  and  a 

-1 


small  decrease  in  the  N-H  band  at  3350  cm 


as  seen  in 


I 


4 


& 

i 


$ 

i ", 

ft 


The  generation  of  polymer  58 f  was  observed  by  infrared 
spectroscopy  by  following  the  formation  of  the  amic  acid  at 
room  temperature  over  time.  Figures  34-37  show  the  change  in 
the  IR  spectrum  at  times  0,  0.5,  1.0  and  1.5  h.  An  N-H  band 
at  3570  cm  *  and  the  C=0  b^nds  at  about  1750  cm  *  show  that 
the  amic  acid  is  well  formed  by  .5  h  and  little  change  occurs 
over  the  last  hour  of  observation.  Vacuum  baking  of  the 
final  sample  for  24  h  at  180  °C  produced  an  IR  spectrum 
(Figure  38)  that  shows  a  small  absorption  at  2950  cm”'  and 
the  double  carbonyl  absorption  at  1774  and  1741  cm  ^  as  is 
usually  observed  for  imides.  Absorptions  also  appear  at 
1600,  950,  750-850  cm  *  region  that  were  not  present  in  the 
amic  acid.  Unclosed  imide  was  evident  from  the  band  at 
3377  cm  *  .  An  IR  of  the  solvent  DMF  (5_9)  (Figure  39)  showed 
a  wide  band  at  3350  cm  *  which  could  be  due  to  water 
contamination  or  d ime t h v 1 ami ne  produced  by  d imethy 1 f or mami de 
decomposition,  either  of  which  could  interfere  with  ring 
closure  to  the  imide.  Figures  33  and  38  show  the  differences 
in  the  infrared  spectra  of  the  vacuum  baked  IR  of  5 8 e  (vacuum 
baked  for  6  h)  and  5  8  f  (vacuum  baked  for  24  h).  Prolonged 
vacuum  baking  gives  a  cleaner  infrared  spectrum  region  from 
4000-2900  cm  ^  indicating  more  complete  imide  ring  closure. 

It  was  concluded  that  solvent  may  interfere  with  ring  closure 
and  impurities  in  the  solvent  can  be  detrimental  to  imide 
f  ormat ion. 
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The  third  procedure  employed  DMAC  as  a  solvent  as  it  is 
also  considered  to  be  an  excellent  solvent  for  the 
polyimides.  Table  13  summarizes  the  variations  and  results 
of  this  procedure. 


TABLE  13 

PROCEDURE  3  RERSULTS 


POLYMER 

REFLUX 

SOLVENT 

AZEOTROPE 

SOLVENT 

DILUTION 

SOLVENT 

^  inh 

TIME 

hours 

YIELD 

% 

Us. 

DMAC 

DMAC 

DMAC 

.12 

1.5 

78 

58h 

HPLC 

HPLC 

HPLC 

.23 

1.5 

91 

grade 

grade 

grade 

DMAC 

DMAC 

58  i 

ft 

TOLUENE 

t» 

.25 

1.5 

95.5 

58  j 

!» 

ft 

It 

.21 

24 

95.5 

(8  hours) 

The  use  of  high  purity  solvents  is  obviously  an 
important  factor.  Longer  reaction  time  does  not  appear  to  be 
necessary  to  increase  yield  but  probably  leads  to  a  larger 
amount  of  closed  imide  product. 

The  formation  of  the  polyamic  acid  precursor  of  polymer 
58g  was  followed  by  infrared  spectroscopy  with  time  at 
increasing  temperatures  as  seen  in  Figures  40-43. 
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The  factors  which  influenced  the  reactions  the  least 


Purity  of  reactants  and  cleanliness  of  glassware  were 


small  factors  since  care  was  taken  to  insure  that  no 
impurities  entered  the  reaction  via  those  sources. 

Lastly  the  structure  o f  the  monomer  can  conceivibly 
interfere  with  the  reaction  by  sterically  hindering  the 
closure  of  the  imide.  The  phenoxy  group  lies  over  the 
dianhydride  part  of  the  time.  The  phenyl  can  rotate  on  its 
single  bond  freely  over  the  carbonlys  and  interfere  with  ring 
closure.  Also  the  phenoxy  group  is  an  electron  donating 
group  and  thus  helps  stabilize  the  amic  acid  form. 


SUMMARY 


Synthesis  of  3,6-diphenoxypyromellitic  dianhydride  was 
achieved  through  a  four  step  sequence  starting  with  durene. 
Polymerization  of  that  monomer  with  l,3-bis(3-amino- 
phenoxy)benzene  was  carried  out  using  a  variety  of  solvents 
including:  m-cresol/toluene,  DMF,  DMAC,  DM AC/ toluene, 
m-cresol . 

From  the  results,  it  appears  that  the  factors  which  most 
affect  the  polymerization  are  solvent,  water  removal  and 
monomer  structure.  Although  the  viscosities  of  the 
polyimides  were  very  low  the  solubility  was  very  good  in.  DMF, 
and  DMAC.  It  should  be  noted  that  vacuum  baked  films  of 
these  polyimides  are  only  slightly  soluble  and  this  may  be 
due  to  crosslinking  or  increased  ring  closure. 

While  achieving  a  soluble  polyimide  was  a  prime  objective 
of  this  research,  low  molecular  weight  will  limit  its  use. 

The  diphenoxy  substituent  may  limit  i n t e r mo  1 ec u  1  a r 
interactions  but  it  may  also  contribute  to  decreased 
molecular  weight  through  steric  hinderence  or  a  stabilizing 
effect. 

Further  research  in  this  area  should  include  1)  chang¬ 
ing  the  substituent  on  the  dianhvdride  to  limit  movement. 

2)  Azeotroping  the  water  continuously  to  avoid  hydrolysis. 


CONCLUSIONS 


The  formation  of  3-phenoxypy romellitic  dianhydride  from 
durene  is  complicated  by  internal  cyclization  which  produces 
a  xanthone  type  product.  However,  3 , 6 -d i phenoxy p y r omel 1 i t i c 
synthesis  occurs  in  good  yields  to  give  a  well  characterized 
product . 

The  polymerizations  are  limited  by  several  factors  which 
influence  the  overall  outcome.  The  monomer  diphenoxy- 
py romellitic  dianhydride  does  not  appear  to  undergo  polyamic 
acid  formation  to  high  molecular  weights  in  short  periods  of 
time.  Vacuum  baking  can  lead  to  imide  ring  closure,  but  does 
not  appear  to  cause  increased  molecular  weight.  With  respect 
to  imide  formation,  an  electronic  effect  by  the  electron- 
donating  phenoxy  substituents  may  prevent  efficient  attack  by 
nitrogen  at  carbonyl  centers.  While  a  steric  effect 
associated  with  a  h e xasu b s t i t u t ed  benzene  ring  may  prevent 
opening  of  the  anhydride  ring.  In  conclusion,  the  solvent 
plays  an  important  role  in  the  polymerization  with 
m-c r e so  1 / t o 1 ue n e  being  the  most  efficient  combination. 
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I  .  OBJECTIVES : 


This  work  is  part  of  a  longer  range  program  to  develop  a 
system  for  performing  angle-resolved  ion  scattering  (ARISS) 
experiments  to  aid  in  the  characterization  of  the  surface  structure 
of  materials.  In  particular  ,  this  project  concentrated  on  two 
aspects  of  the  overall  plan.  One  was  to  develop  the  ability  to 
design  multi-element  lenses.  Such  lenses  are  needed  to  permit 
operation  of  the  ion  analyzer  in  a  high  resolution  mode  as  well  as 
allowing  for  efficient  collection  of  scattered  ions  over  a  large 
range  of  scattering  angles.  The  second  aspect  was  to  construct  and 
assemble  the  experimental  facility  with  which  to  conduct  the 
experiments . 

In  Section  II  a  brief  background  for  the  experiments  and  the 
motivation  for  pursuing  them  is  given.  Section  III  describes  in  some 
detail  the  work  performed.  Section  IV  concludes  the  report  with  a 
brief  summary  of  the  status  of  the  experiments  and  additional  steps 
needed  to  complete  the  system. 


II .BACKGROUND: 

The  characterization  of  the  surface  properties  of  electronic 
materials  is  a  very  important  requirement  for  the  successful  design 
of  semiconducting  devices  for  a  number  of  Air  Force  programs.  At 
present  there  is  a  particular  interest  in  GaAs  for  use  in  detectors 
and  FET  devices.  The  characterization  includes  quantitative  and 
qualitative  determination  of  surface  species  as  well  as  surface 
structure . 

Ion  scattering  spectroscopy  (ISS),  the  scattering  of  low  energy 
ions  in  the  range  of  0.2  to  10  kev,  exhibits  excellent  surface 
i  selectivity.  The  ion  scattering  that  results  is  attributed  to 

j  scattering  from  the  first  one  or  two  surface  layers  of  the  sample. 

This  selectivity  arises  from  :  (a)  large  scattering  cross-sections 

I 

\ 
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which  leads  to  depletion  of  the  ion  beam  as  it  enters  and  leaves  the 
solid,  and  (b)  to  a  neutralization  effect  whereby  ions  penetrating 
beyond  the  first  layer  of  atoms  at  a  solid  surface  are  neutralized 
very  efficiently.! 


When  a  beam  of  accelerated  ions  strikes  a  crystal  surface,  each 
encounter  between  a  projectile  ion  and  a  surface  atom  can  be 
described  in  terms  of  an  elastic  binary  collision.  Under  certain 
circumstances  multiple  scattering,  blocking,  shadowing  and 
channeling  effects  become  important.  The  energy  of  an  ion  making  an 
elastic  collision,  expressed  as  a  ratio  of  final  energy, Ej  to 

initial  energy,  EQ  determined  from  energy  and  momentum 
conservation  to  be: 

El/E0  =  Jm!2/<Mi+  Mz  )  |^0seL  +  (M22/Mi2  -  sin20L)1/2]2  (l) 

Here  Mj  the  mass  of  the  incoming  ion,  M2  the  mass  of  the-  target 
atom  and  0L  the  laboratory  scattering  angle.  By  measuring  the  energy 
distribution  of  the  scattered  ions,  the  elements  in  the  region  of 
Impact  can  be  determined.1 

While  ISS  is  used  routinely  for  elemental  characterization, 
interest  has  grown  in  recent  years  in  using  angle  resolved  ion 
scattering  (ARISS)  as  it  is  called  by  some  groups2)  to  determine 
surface  structure  often  in  conjunction  with  LEED  measurements. 
Analysis  of  multiple  scattering  effects  and  of  shadowing  and 
blocking  effects  can  be  used  to  construct  models  of  the  surface. 
When  multiple  collisions  occur,  shoulders  or  peaks  occur  at  energies 
greater  than  that  of  the  binary  peak  for  a  given  element.  Since 
different  collision  sequences  lead  to  different  final  energies, 
knowledge  of  the  energies  and  angular  distributions  in  principle 
enable  structural  analysis.  When  shadowing, blocking , focusing  or 
channeling  effects  occur,  the  intensities  of  the  binary  peaks  will 
depend  on  the  energies  and  incident  and  final  angles. 

Helland  and  Taglauer3  studied  shadowing  effects  of  adsorbed 
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species  on  metal  surfaces  to  estimate  the  positions  of  the  adsorbed 
atom  on  the  surface.  Algra  et  al4  determined  the  structure  of  a 
stepped  Cu  surface  using  multiple  collision  analysis.  Overbury  et  al 
have  Investigated  the  structure  of  AL(llO)2  and  adsorbate  ordering 
on  Mo (001) 5  using  ARXSS.  Bronckers  and  de  Wit  have  studied  the  first 
two  layers  of  Cu(llO)  using  shadowing  effects.  Marchut  et  al8  have 
analysed  an  unreconstructed  Fe(001)  surface  using  a  shadow  cone 
analysis  Involving  the  second  and  third  atomic  layers.  From  these 
studies  and  others  it  appears  that  similar  studies  on  GaAs  would  be 
of  interest. 


Ill  RESEARCH  PERFORMED: 


The  work  performed  in  this  project  was  divided  between 
designing  a  five-element  electrostatic  lense  and  constructing  and 
assembling  an  experimental  facility. 

Al.Lens  Design 

A  large  amount  of  data,  such  as  that  found  in  Hartlng  and 
Read9, exists  for  two  and  three  element  cylindrical  lenses.  In  order 
to  be  able  to  independently  control  both  the  focusinG  properties  and 
acceptance  angle  of  a  scattered  ion  beam,  four  or  more  lense 
elements  are  required.  Kevan10  discusses  the  design  of  a  lense 
composed  of  a  pair  of  three-element  cylindrical  lenses  based  on 
Hartlng  and  Read's  data  that  would  have  the  desired  properties. 
Kisker11  has  recently  published  a  Basic  program  for  the  design  of  a 
four-element  lense  that  can  be  used  on  a  personal  computer.  An 
attractive  feature  of  this  program  is  that  it  allows  calculation  of 
trajectory  data.  It  was  decided  that  Kisker' s  program  suitably 
modified  could  be  used  to  design  a  variety  of  lenses  and  in 
particular  a  five-element  lense  with  properties  equivalent  to  the 
lense  described  by  Kevan10. 


38.6 


In  determining  the  focal  properties  of  a  an  electrostatic 
lense  the  potential  must  be  calculated  first  and  then  the 
trajectories  and  consequent  focal  properties  can  be  found.  The 
program  uses  an  approximation  by  Bertraal2  who  calculated  the 
potential  along  the  amis  of  a  pair  of  concentric  cylinders.  One  cam 
then  determine  the  potential  at  nearby  off-axis  points.  From  this, 
trajectories  can  be  calculated.  This  approach  is  valid  for  paraxial 
rays  and  thus  will  give  first  order  focal  properties.  Read  et  al13 
compared  their  extensive  exact  calculations  with  those  done  using 
this  approximation  and  found  very  good  agreement  as  long  as  the  gap 
between  cylinders  is  small  compared  to  the  cylinder  diameter.  These 
restrictions  have  been  complied  with  in  the  design  discussed  here. 

The  main  program,  TRAJECTORIES,  is  printed  below.  The  lense 
potentials  and  relevant  lengths  starting  from  the  input  end  are 
read  in  line  60.  The  lengths  give  the  position  of  the  backend  of  an 
element  relative  to  the  front  of  the  first  lense  element.  The 
program  allows  for  a  radius  change  at  L2  located  part  way  along  the 
second  element  (separated  by  a  cylinder  diameter  from  adjacent  lens 
gaps)  so  that  L3  is  the  distance  to  the  back  of  the  second  element. 
Mo  change  in  radii  was  used  so  L2  was  set  equal  to  LI.  The  radii  and 
gaps  are  also  read  in  this  line.  The  lengths  are  normalized  to  the 
cylinder  radius  in  line  70  and  must  be  converted  back  to  actual 
lengths  for  output  in  lines  500  and  590.  These  differ  from  those 
given  in  ref.  11  which  seem  to  be  in  error.  The  initial  position  and 
slope  for  two  trajectories  are  given  in  line  110  in  terms  of  a 
reduced  potential.  The  radial  position  is  returned  by  the  conversion 
in  line  280  (P(K/2,I)).  A  more  detailed  description  of  the  method  is 
given  by  Kiskerll  and  by  Fink  and  Kiskerl*. 
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10  REM  TRAJECTORIES 

20  REM  PROGRAM  FOR  5-ELEMENT  LENSE 

30  REM : ELECTRON  RAY  TRACING  -  SEE  RSI  V.  53,115(1982) 

40  DIM  I,D,A(8) , V ( 8 ) , U ( 7 ) , T ( 3 ) , RS ( 1 ) 

50  Q*.05:S*20:T*.5:C*3/16:ZV*0 
60  READ 

VA , VB , VC , VD , VE ,L1,L2,L3,L5, L6 ,L7,R1,R2,S1,S2: S 1*INT (S1/R1*10)/10 
70 

Z1=L1/R1:Z2=L2/R1:Z3*Z2+(L3-L2)/R2:Z5*Z2+(L5-L2)/R2:Z6«Z2+(L6-L2)/R2 
:Z7*Z2+(L7-L2) /R2 

80  S2=INT (S2/R2*10) /10:DIM  VPT ( Z7 * 20+4 )  , B ( Z7* 20 ) , P (Z7 • 10 , 1 ) : FOR  1*0 
TO  30: READ  B ( I ) : NEXT  I 

90  A—  .  12  :B*.  332  :  FOR  1*31  TO  80 : B { I ) »B*EXP (A*I ) : NEXT  I :  REM  EXPAND 
THE  DATA  SET 
100 

BA* ( VB-VA ) /SI : CB= ( VC-VB ) /S2 : DC* ( VD-VC ) /S2 : ED* ( VE-VD ) /S2 : Z0*0 : GOSUB 
190:V»VZ* .25 

110  RS(0)«.02*V:RS(1)*0:R(0)*0:R(1)*. 15 «V 

120  ZO— Q:GOSUB  190 : U ( 2 ) *VZ : ZO-O : GOSUB  190:U(3)*VZ 

130  ZO=Q : GOSUB  1 90 : U ( 4 ) *VZ : P ( 1 , 0 ) *R (0) /V: P ( 1 , 1 ) *R (0) /V: R-Rl : GOSUB 

320 

140  REM  MAIN  PROGRAM 

150  FOR  K*2  TO  Z2*20-2  STEP  2: GOSUB  230: NEXT 

160  REM  NEW  RADIUS  R2  AT  Z2  * 

170  R*R2 : GOSUB  320:F0R  K«Z2*20  TO  Z7*20  STEP  2 : GOSUB 

230: NEXT: INPUT "DO  YOU  WISH  TO  SAVE  DATA  (Y/N)”;Y$:IF  Y$«"Yn  THEN 

GOSUB  400: END 

180  REM  POTENTIAL  CALCULATION 
190 

A ( 1 ) -ZO-Z 1 : A ( 2 ) *A ( 1 ) -SI : A ( 3 ) *Z0-Z3 : A ( 4 ) *A ( 3 ) -S2 : A ( 5 ) *Z0-Z5 : A ( 6 ) -A ( 5 ) 
-S2 : A ( 7 ) *Z0-Z6 : A ( 8 ) *A ( 7 ) -S2 

200  FOR  1*1  TO  8:A=INT(A(I)*S+T) :B=ABS(A) :V(I)=Q*A*-(AD)+B(B) ;NEXT 
210 

VZ-VA+BA* ( V ( 1 ) -V ( 2 ) ) +CB* ( V ( 3 ) -V ( 4 ) ) +DC* (V(5)~V(6) )+ED* ( V ( 7 ) -V ( 8 ) ) : VP 

T ( ZV ) -VZ : ZV=ZV+ 1 : RETURN 

220  REM  PREPARE  NORMALIZED  POTENTIALS 

230  ZO*K*Q : PRINT  ZO ; : Z*K«T+ 1 : U (0 ) *U ( 2 ) : U ( 1 ) *U ( 3 ) : U ( 2 ) =U ( 4 ) 

240  GOSUB  190 : U ( 3 ) *VZ : ZO*ZO+ . 05 : GOSUB  190 : U ( 4 ) *VZ : V*U ( 3 ) * . 25 
250  FOR  1*1  TO  3 : T { I ) »C* ( (U(I  +  1)-U(I-1) J  *  1 0 / (R*U(I) ) ) ‘2: NEXT 
260  1*0: GOSUB  280 : I* 1 : GOSUB  280 : PRINT : RETURN 
270  REM  HANDLE  ONE  TRAJECTORY  STEP 
280 

B=R ( I ) :P(K/2,I)=B/V:R(I) *B* ( 1-G* (T { 1 ) +2 *T ( 2 ) -U*T ( 2 ) ) ) +RS (I ) *H* ( 1-G*T 
(2)  ) 

290  PRINT  P (K/2 , I) ; 

300 

RS ( I ) »-B*E* (T(1)+4*T(2) -M*T (1) *T(2) ) +RS ( I ) * ( 1-N*T ( 2 ) ) -E*T ( 3 ) *R ( I ) : RE 
TURN 

310  REM  CONSTANTS  NEEDED  FOR  TRAJECTORY  CALCULATION . DEPENDING  ON 
TUBE  RADII 

320  H*R* . 1 :E-H/6:F*H*H:M»F/2 :N*F/3 :U*F/4 : G-F/6 : RETURN 


330  DATA  1500 , 250 , 500 , 27 . 5 ,  100 : REM  LENS  VOLTAGES  VA , VB . VC . VD . VE 
340  DATA  37 . 25 , 37 . 25 , 42 . 25 , 62 . 75 , 67 . 75 , 79 . 5 : REM  TUBE  LENGTHS 
L1.L2.L3.L5.L6.L7 

350  DATA  2. 5,2. 5, .5, .5: REM  TUBE  RADII  AND  GAP  WIDTHS 

360  REM  THIS  IS  THE  "UNIFIED"  DATA  SET  FOR  CALCULATING  THE  AXIAL 

POTENTIAL 

370  DATA 

.2674,  .2432,  .2207,  .1998,  .1805,  .1627,  .  1465,  .1316,  .118,  .105  7,  . 0946 ,  . 08 

45 

380  DATA 


.0754,  .0673,  .06,  .0534,  .0475,  .0423,  .0376,  .0334,  .0297,  .02  64,  .0234,  .020 
8 

390  DATA  .0185, .0164,  .0145,  .0129, .0114,  .0102,  .009 

400  INPUT  “DO  YOU  WISH  TO  SAVE  TRAJECTORY  DATA  (Y/N)";YT$ 

410  IF  YT$*"Y"  THEN  GOSUB  450 

420  INPUT  "DO  YOU  WISH  TO  SAVE  POTENTIAL  DATA  (Y/N)";YP$ 

430  IF  YP$="Y"  THEN  GOSUB  550 
440  RETURN 

450  INPUT  "WHAT  IS  FILENAME" ; RY$ 

460  RY$*RYS+" .DAT" 

470  KK=*K 

480  OPEN"0" , #1 , RYS 

490  FOR  K=0  TO  KK-2  STEP  2 

m  «lW« t i?  ELSE  K-L2*(K/2-10.Z2,.R2/10 


520  NEXT  K 
530  CLOSE 
540  RETURN 

550  INPUT"DATA  FOR  POTENTIAL  PLOT- -NAME ' LPOT# '  ";P$ 

560  P$=P$+" . DAT" 

570  0PEN"0" , #1 , P$ 

580  FOR  K-0  TO  ZV-4  STEP  2 

con  TP  k=20*Z2  THEN  KL=K*Rl/20  ELSE  KL-L2+ (K-20*Z2 ) *R2/20 
600  PRINT# 1 , K/ 2 , KL , VPT { K ) 

610  NEXT  K 
620  CLOSE 
630  RETURN 


The  program  can  be  easily  modified  to  calculate  trajectories 
for  three  element  lenses  for  comparision  with  the  compilation  of 
Harting  and  Read9.  By  starting  with  a  single  input  ray  parallel  to 
the  axis  the  focal  point  and,  by  backward  extrapolation  of  the 
output  ray,  the  position  of  the  rear  principal  plane  can  be  found. 
By  reversing  the  lense,  the  front  focal  point  and  principal  plane 
position  can  be  found.  This  was  done  for  a  few  entries  in  ref.  9 
with  agreement  to  less  than  a  percent.  Code  for  this  procedure  will 
be  added  to  the  program  for  a  more  through  comparision  in  the 
future . 
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Figure  1  shows  an  example  of  a  potential  distribution 
obtained  with  the  program.  The  horizontal  portions  correspond  to  the 
positions  of  the  first,  third,  and  fifth  elements.  The  positions  of 
the  second  and  fourth  elements,  the  focusing  elements,  correspond  to 
the  regions  of  steep  slope.  This  type  of  figure  is  useful  in 
determining  the  regions  of  zero  field.  Is  desirable  to  put 
additional  elements  such  as  deflection  plates  and  apertures  in  force 
free  regions.  In  the  design  shown  below,  apertures  were  placed  in 
the  region  between  46  mm  and  58  mm.  Another  point  to  be  made  is  that 
since  the  region  between  about  45  mm  and  60  am  has  a  constant 
potential  equal  to  that  of  the  third  element,  the  five  element  lense 
can  be  thought  of  as  two  separate  three  element  lenses. 
Consequently,  focusing  conditions  for  each  three  element  lense  can 
be  found  independently  of  the  other.  In  order  to  determine  the 
focusing  conditions  for  a  three  element  lense  the  main  program  was 
modified  for  three  elements  and  included  a  simple  routine  to  search 
for  the  focus  voltage  that  give  the  distance  at  which  a  parallel 
input  ray  would  cross  the  axis  -  the  focal  distance.  The  program, 
FOCUS,  is  given  below.  Figure  2  shows  a  plot  of  the  voltage  on 
element  two  for  a  range  of  voltages  on  the  first  element  for  the 
case  where  the  voltage  on  the  third  element  was  held  at  500  V. 
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Figure  1.  Potential  Distribution 
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5  REM  FOCUS 

10  REM  PROGRAM  FOR  DETERMINING  FOCUSING  VOLTAGE 
20  REM  PROGRAM  FOR  5-ELEMENT  LENSE 

30  REM: ELECTRON  RAY  TRACING  -  SEE  RSI  V.  53,115(1982) 

40  DIM  IM,VAA(20) ,VCC{20) ,VDA(20) ,VCA(20) 

50  DIM  I,D,A(8) ,V(8) ,U(7) ,T(3) ,RS(1) 

60  Q=.05:S»20:T=.5:C=3/16 

70  READ  VA , VB , VC,VD,L1,L2,L3,L5,L6,R1,R2,S1,S2: S 1=INT (S1/R1*10) /10 
80 

Z1*L1/R1  :Z2*L2/R1  : Z3=Z2+  (L3-L2  )  /R2 : Z5=Z2+ ( L5-L2 )  /R2  :  Z6-Z2+ ( L6-L2  )  /R2 
90  KG=L6* 10/R1 

100  S  2  * I NT (S2/R2*10)/10:DIM  VPT ( Z6 *  20  +  4 )  , B ( Z6 *  20 )  , P ( Z6* 10 , 1 )  : FOR  1=0 
TO  30: READ  B ( I ) : NEXT  I 

110  A=-  .  12  :  B= .  332  :  FOR  1  =  31  TO  80 : B ( I ) »B*EXP ( A* I ) : NEXT  I  :  REM  EXPAND 

THE  DATA  SET 

120  IF  MF=0  GOTO  150 

130  IF  IM= 1 5  GOTO  590 

140  VC=VC-7 :VA=VA-50: VB=VA 

150  VC*VC+10:ZV=0.IF  VC=VA/2  G0T0 

160  PRINT  VA , VC 

170  BA=0 : CB= ( VC-VB ) /S2 :  DC* (VD-VC) /S2 : Z0=0:G0SUB  260:V=VZ‘ . 25 
180  RS(0)*.02*V:R(0)=0 

190  ZO=-Q : GOSUB  260 : U ( 2 ) =VZ : Z0=0 : GOSUB  260:U(3)=VZ 

200  ZO=Q : GOSUB  260 : U ( 4 ) =VZ : P ( 1 , 0 ) -R (0 ) /V : P ( 1 , 1 ) =R ( 0 ) /V : R=R1 : GOSUB 
410 

210  REM  MAIN  PROGRAM 

220  FOR  K*2  TO  Z2*20-2  STEP  2 : GOSUB  300: NEXT 
230  REM  NEW  RADIUS  R2  AT  Z2 

240  R=R2 : GOSUB  410:F0R  K=Z2*20  TO  Z6*20  STEP  2:G0SUB  300 : NEXT : GOTO 
120 

250  REM  POTENTIAL  CALCULATION 
260 

A ( 1 ) =Z0-Z1 : A<  2 ) =A( 1 ) -SI :A(3)=Z0-Z3:A(4)=A(3)-S2:A(5) =Z0-Z5 : A ( 6 ) =A ( 5 ) 
-S2 

270  FOR  1=1  TO  6:A=INT(A(I)»S+T) :B=ABS(A) :V(I)=Q*A»-(AD)+B(B)  NEXT 
280 

VZ=VA+BA* ( V ( 1 ) -V ( 2 ) ) +CB* (V(3) -V{4) )+DC» ( V ( 5 ) -V (6) ) : VPT ( ZV ) =VZ : ZV=ZV+ 
1 : RETURN 

290  REM  PREPARE  NORMALIZED  POTENTIALS 

300  Z0*K*Q:Z=K*T+1 :U(0)=U(2) : U ( 1 ) -U ( 3 ) : U ( 2 ) «U ( 4 ) 

310  GOSUB  260 : U ( 3 ) =VZ : ZO=ZO+ . 05 : GOSUB  260 : U ( 4 ) *VZ : V=U ( 3 ) * . 25 

320  FOR  1=1  TO  3:T(I)=C* ( (U(I+1)-U(I-1) )*10/(R*U(I) ) ) '2: NEXT 

330  1*0: GOSUB  350: RETURN 

340  REM  HANDLE  ONE  TRAJECTORY  STEP 

350 

B=R ( I ) :P(K/2, I)=B/V:R(I)=B* ( 1-G* (T(1)+2*T(2)-U*T(2) ) )+RS(I)«H» ( 1-G»T 

§98  Af=^ fSf=^‘9ii*iM?=VC^VDA]lM?=VD/VA?VCA(IM)=VC/VA 
380  LPRINT  K/2*Rl/10,VC,P(K/2,0) , VA : PRINT 
K/2*Rl/10,VC,P(K/2,0) , VA : RETURN 


390 

MF«0:RS(I )— B*E« (T(1)+4*T(2)-M*T(1)*T(2) ) +RS ( I ) * (  1-N«T(2) )-E*T(3) »R( 
I ) : RETURN 

400  REM  CONSTANTS  NEEDED  FOR  TRAJECTORY  CALCULATION , DEPENDING  ON 
TUBE  RADII 

410  H-R* . 1 : E*H/6 : F=H*H :M*F/2 : N-F/3 : U-F/4 :G«F/6 : RETURN 

420  DATA  900,900, 100, 300 : REM  LENS  VOLTAGES  VA , VB , VC , VD , VE 

430  DATA  25 , 25 , 37 . 25 , 42 . 25 , 55 : REM  TUBE  LENGTHS  LI , L2 . L3 , L5 , L6 , 

440  DATA  2 . 5 , 2 . 5  ,  .  1 ,  . 5 : REM  TUBE  RADII  AND  GAP  WIDTHS 

450  REM  THIS  IS  THE  "UNIFIED"  DATA  SET  FOR  CALCULATING  THE  AXIAL 

POTENTIAL 

460  DATA 

.2674,-2432,. 2  207 ,.1998,  .1805,  .1627,  .1465, .1316,  .118,. 1057 , .0946,  .08 
45 

470  DATA 

.07  54,  .0673,  .06,  .0  534,  .0475,  .04  23,  .0376,  .0334,  .0297,  .0264,  .0234,  .020 
8 

480  DATA  .0185, .0164, .0145, .0129, .0114, .0102, .009 
490  INPUT  "DO  YOU  WISH  TO  SAVE  FOCUS  DATA  (Y/N)";YF$ 

500  IF  YF$="Y"  GOTO  520 
510  END 

520  INPUT  "WHAT  IS  FILE  NAME  --  LFOC##" ;FS$ 

530  FS$»FS$+" .DAT" 

540  0PEN"0" , #1 , FS$ 

550  FOR  1-1  TO  IM 

560  PRINT# 1 ,VAA(I) ,VCC(I) , VDA ( I ) , VCA ( I ) 

570  NEXT  I 
580  CLOSE 


FOCUS  UOLTRGE  FOR  LENSE  1 
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Figure  2.  Focus  Voltage 
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Figure  3  gives  an  example  of  two  trajectories  passing 
through  the  complete  lens  with  voltages  on  the  elements  one  through 
five  of  900  V,  150  V,  300  V,  20  V,  and  100  V.  The  position  of  a  pair 
of  apertures  is  superposed  on  the  figure.  In  practice  the  lense  as 
constructed  may  not  exactly  duplicate  the  conditions  under  which  the 
calculations  were  made.  However  it  is  expected  that  the  theoretical 
values  will  provide  a  good  starting  point  for  tuning  the  lense. 
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B.  Experimental  Facility 

The  experiment  was  assembled  In  a  large  UHV  chamber  that  had 
an  inside  diameter  of  12  inches.  Figure  6  shows  a  schematic  diagram 
of  the  chamber  as  viewed  from  above.  Not  shown,  but  indicated,  are 
the  instruments  and  pumps  attached  to  the  chamber.  The 
lense/analyzer/channel  tron  assembly  is  mounted  in  a  shielding  box 
with  the  lense  protruding.  This  in  turn  is  mounted  on  a  rotating 
stage.  A  sample  holder  was  constructed  so  that  a  sample  can  be 
placed  at  the  center  of  the  chamber  and  can  be  rotated  around  the 
holder  axis.  An  ion  gun  is  mounted  at  135°  to  the  sample  holder.  The 
angle  of  incidence  is  fixed.  The  angle  of  the  beam  with  respect  to 
crystal  axes  in  the  plane  of  the  sample  can  be  varied  as  the  sample 
holder  is  rotated.  This  allows  the  study  of  intensity  variations 
with  crystallographic  direction.  The  scattering  angle  can  be  varied 
by  rotating  the  analyzer  assembly.  This  rotation  is  needed  to  study 
blocking  and  shadowing  effects. 
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The  chamber  Is  mounted  on  a  400  1/s  Ion  pump  through  a  gate 
valve.  An  auxiliary  20  1/s  ion  pump  with  a  sublimator  pump  is  also 
attached.  A  quadrupole  analyzer,  and  various  gauges  are  also  mounted 
on  the  chamber.  Not  shown  in  the  figure  is  the  base-plate  upon  which 
the  chamber  is  mounted.  The  rotating  stage  rests  on  this  plate  and 
is  rotated  by  a  manipulator  mounted  on  a  feedthrough  coaxial  with 
the  chamber  axis.  The  base-plate  also  contains  the  feedthroughs  for 
the  electrical  connections.  The  electrical  connections  and  the 
operation  of  the  analyzer/channeltron  system  have  been  described  in 
the  author's  final  report  for  the  1984  USAF-SCEEE  Summer  Faculty 
Research  Program.  Additional  power  supplies  and  voltage  dividers 
were  assembled  to  provide  the  required  lens  voltages.  The  overall 
system  performs  satisfactorily,  however  the  lenses  system  could  not 
be  adequately  tested  due  to  a  malfunction  in  the 
analyzer/channeltron  system  that  occurred  as  testing  of  the  lense 
began.  The  general  behavior  of  the  lense  could  be  observed  to  be 
satisfactory —  the  current  through  the  lense  improved  by  about  a 
factor  of  five  when  the  lense  was  used,  and  changed  as  expected  as 
the  acceptance  angle  was  changed  by  controlling  the  front  three 
elements . 

IV.  SUMMARY  AND  CONCLUSIONS 

Computer  programs  were  developed  that  permit  the  design  of 
mu  1 1 i -e 1 ement  cylindrical  electrostatic  lenses  and  provide  for 
plotting  of  ion  trajectories  through  the  lense.  When  the  noted 
limitations  are  observed,  they  can  provide  a  convenient  replacement 
for  existing  tabulations.  With  the  aid  of  these  programs,  a 
five-element  cylindrical  lens  was  designed  with  which  both  the 
angular  resolution  at  the  sample  and  the  energy  resolution  can  be 
Independently  varied.  Preliminary  testing  of  the  lense  indicates 
satisfactory  performance. 

An  experimental  facility  was  constructed  and  assembled  to 
perform  angle-resolved  ion  scattering  experiments.  Two  angular 
degrees  of  freedom  are  possible  with  the  system.  When 
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characterization  of  the  lense  is  completed,  studies  of  surface 


structure  will  be  initiated. 


A  number  of  additional  features  are  contemplated  for  the 
future.  A  more  sophisticated  sample  holder  and  manipulator  is 
desirable.  It  would  incorporate  an  additional  degree  of  rotational 
motion  and  have  provision  for  both  cooling  and  annealing  the  sample 
at  high  temperatures.  A  differentially  pumped  ion  gun  for  use  with 
rare  g=*3  ion  beams  will  be  necessary  when  "clean"  surfaces  are  to  be 


studied . 
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Abstract 

Thermal  stability  characteristics  have  been  investigated  for  the  following 
advanced  synthetic  silahydrocarbons ,  MLO  82-507  :  the  mixture  of  CH3  Si  (C8Hi7)3j 
CH3  Si  (CgH^)-)  CHgSi  CgH^y  (^-10^21^2*  an<^  CH3  ^10^21^3'  84- 

350:  OH3  Si  (CgH17)3,  MLO  84-193:  CHg  Si  (C10H21)3>  MLO  85-118;  C5H9  SKCgH^)-, 
MLO  85-119:  CjH11  Si  (CgH17)3,  and  MLO  85-244:  C5Hn  Si  (CgH1?)3  with  branching 
in  the  C5  group.  The  above  studies  involved  stressing  the  fluid  as  a  function 
of  time  and  temperature,  analysis  of  the  fluid  using  GC  and  viscosity  measure¬ 
ments,  and  characterization  of  the  decomposition  products  using  GC/MS .  It  has 
been  found  that  these  materials  show  very  little  decomposition  when  stressed 
at  or  below  315.6  C  for  6  hours,  but  when  stressed  at  371.1  C  for  6  hours,  they 
undergo  significant  degradation.  Under  the  stress  conditions  of  371.1  C  and  6 
hours,  the  fluid  MLO  84-350  degrades  about  10  percent,  and  the  fluids  MLO  82- 
507,  and  MLO  84-193 .degrade  about  20  percent.  Based  on  GC/MS  data,  it  appears 
that  these  three  fluids  exhibit  similar  decomposition  pattern.  Among  the 
fluids  MLO  85-113,  MLO  85-119,  MLO  85-244,  the  fluid  MLO  85-118  with  the  double 
bond  in  the  alpha  position  of  C5  group  is  least  thermally  stable,  and  the  fluid 
MLO  85-244  with  branching  at  alpha  position  of  C5  group  is  slightly  more  thermally 
stable  as  compared  to  the  fluid  MLO  85-119  with  straight  chain  substituent 
groups.  The  effect  of  Lmpurity  such  as  disiloxane  (MLO  79-182)  has  also  been 
investigated  on  the  thermal  stability  of  the  fluid  MLO  84-193,  and  it  is  found 
that  addition  of  disiloxane  as  impurity  to  a  silahydrocarbon  has  no  catalytic 
effect  on  thermal  stability  characteristics  of  the  fluid  MLO  84-193. 
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I .  INTRODUCTION 

Recent  effort  has  led  to  the  development  of  many  functional  fluids  for 
use  in  aerospace  applications  such  as  jet  engine  oils,  greases,  and  hydraulic 
fluids.  Since  hydraulic  fluids  are  not  expected  to  operate  in  oxidative 
environments,  therefore  thermal  and  hydrolytic  stability  are  the  two  main 
areas  of  concern(l).  In  order  to  meet  the  need  for  a  high  temperature  fluid, 
MIL-H-27601,  a  -40  C  to  28S  C  hydraulic  fluid  was  developed.  A  highly 
refined,  deep-dewaxed  paraffinic  mineral  oil  was  selected  as  the  base  stock 
for  the  above  application,  and  the  fluid  provided  satisfactory  service  for 
over  ten  years  in  the  temperature  range  of  -40  C  to  288  C. 

The  development  of  supersonic  missiles,  like  the  advanced  strategic 
air  launched  missiles  (ASALM)  has  created  the  need  for  a  hydraulic  fluid 
useable  over  the  temperature  range  of  -54  C  to  315  C.  The  mineral  oil  base 
stock  from  which  MIL-H-27601  is  derived,  do  not  have  the  needed  viscosity- 
tmeperature  properties  to  perform  satisfactorily  in  the  temperature  range  of 
-54  C  to  315  C.  Synthetic  hydrocarbons  based  on  hydrogenated  polyalphaolef in 
oligomers  have  also  been  found  to  be  deficient  both  in  viscosity-temperature 
properties  and  thermal  stabilty  (2).  Perf luorinated  fluids  which  have  excellent 
thermal  and  oxidative  stabilities,  have  several  disadvantages  such  as  high 
density,  poor  bulk  modulus,  elastomer  incompatibility,  and  lack  of  suitable 
additives  (3)  . 

In  response  to  the  need  for  hydrocarbon-type  fluids  with  improved  properties, 
a  Materials  Laboratory  Program  has  led  to  the  development  of  a  class  of  compounds 
called  silahydrocarbons.  These  compounds  have  excellent  viscosity-temperature 
properties  and  thermal  stability,  and  are  expected  to  be  hydrocarbon  like  in 


39.4 


$ 

furs 

vA 

v 

V 

V 


t  heir  physical  and  chemical  properties.  Therefore,  silahydrocarbons  are  good 


candidates  for  hydraulic  fluids  useable  over  -54  C  to  315  C  temperature  range. 


The  silahydrocarbons  are  defined  as  compounds  of  silicon  substituted  by 


four  hydrocarbon  groups  e.g.,  SiR^.  In  general,  R  can  be  any  hydrocarbon 


group  such  as  CH3,  -  CpH^  and  be  either  primary,  secondary,  tertiary, 


or  a  branched  alkyl  group.  The  silahydrocarbons  may  be  synthesized  as 


symmetrical  SiR/ ,  e.g.,  S i < CH3 ) ^  where  all  four  R  groups  are  identical  or 


lsymmetrical  RSiR’3,  e.g.,  CH3  Si  (£32^25)3  where  R  and  R'  groups  are  different. 


In  the  unsymmetr ical  structures,  variations  can  be  made  at  will  by  proper 


selection  of  the  R  groups.  The  properties  such  as  vapor  pressure,  boiling 


point,  viscosity,  and  thermal  stability  can  be  controlled  by  the  proper  selection 


of  the  substituent  groups  (R)  .  For  example  the  length  of  the  R  group  effects 


the  boiling  point,  (CHg^Si  has  a  boiling  point  of  26  C  while  (n-C^^s^Si 


has  a  boiling  point  of  250  C  at  0.56  mm  Hg.  pressure.  One  expects  some  depen- 


ience  of  thermal  stability  on  the  structure  and  size  of  the  substituent  groups 


in  the  silahydrocarbon .  me  branched  silahydrocarbon  CH3  SifCr^CHCCTHj) 


(1)  has  been  found  to  be  less  thermally  stable  as  compared  to  09351(0339^)3. 


Another  branched  s  ilahydrocarbon (CHg ) ->Si  CH(CH3)2  (4)  has  been  found  to 


be  more  thermally  stable  as  compared  to  011351(033923)3.  This  raises  the  question 


that  position  of  branching  in  the  substituent  group  of  the  silahydrocarbon  has 


some  impact  on  the  thermal  stability  characteristics.  It  was  also  observed 


that  siloxane  which  was  present  as  an  impurity  in  09351(033933)3  may  also  effect 


the  thermal  stability  charac t er isc ics  of  silahydrocarbons.  This  report  describes 


the  effort  to  understand  the  thermal  stability  characteristics  of  silahydrocar¬ 


bons  as  a  function  of  the  variation  in  the  structure  of  the  substituent  group. 


The  effect  of  an  impurity  such  as  disiloxane  on  the  thermal  stability  of  a 


silahydrocarbon  has  also  been  reported. 
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II.  OBJECTIVES 


The  objective  of  this  project  were  to  expand  the  basic  understanding  of 
the  thermal  stabilty  characteristics  of  silahydrocarbons  with  reference  to 
(1)  when  a  straight  chain  substituent  group  is  replaced  by  a  branched  alkyl 
group,  (2)  when  a  disiloxane  or  a  trisiloxane  is  added  as  an  impurity  to  the 
silahydrocarbon .  The  other  objective  was  to  provide  the  students  educational 
and  learning  experience  with  the  techniques  involved  in  the  analysis  and 
characterization  of  the  decomposition  products  formed  from  above  compounds. 

Ill .  PROPOSED  RESEARCH  WORK 

It  was  proposed  to  study  the  thermal  stability  characteristics  of  the 
following  experimental  fluids  which  were  assigned  MLO  numbers  as  given  below: 

1.  MLO  84-193  CH3  Si  (C10H21)3 

2.  MLO  84-350  CH3  Si  (C8H17)3 

3.  MLO  82-507,  mixed  silahydrocarbon  consisting  of  the  following  four 

components:  CH3  Si(C3H37)3,  CH3  Si  ,  CH3  Si  CgH^7 

and  CH3  Si  (C3qH2^)3. 

4.  MLO  85-118  H7C3HC«CH  Si  (C8H17)3 

5.  MLO  85-119  H11C5  Si  (CgH17)3 

6.  MLO  85-244  H7C3  CH(CH3)  Si  (CqH1?)3 

In  addition.it  was  proposed  to  study  the  effect  of  a  mixture  disiloxane 
MLO  79-182  on  the  thermal  stability  charactersitics  of  MLO  84-  193.  The  above 
disiloxane  is  a  mixture  of  the  following  four  disiloxanes  as  determined  by  GC/MS 
(CH3(C8H17)2  S i) 2  0,  CH3C8H17C9H19  Si-O-Si  (C8H17)2CH3,  (CH3CgH17C9H19  Si)2  0, 
and  CH3  CgH37  CgH^g  Si-0-  Si  (CgH^g^CHg.  The  effort  involved  measuremnts  of 
viscosities  before  and  after  decomposition,  and  characterization  of  products. 


IV.  EXPERIMENTAL 


This  section  describes  the  test  procedures. 

Thermal  Stability  Test  Procedure:  The  thermal  stability  tests  were  performed 
in  stainless  steel  bombs.  The  bombs  were  made  of  9"  long  stainless  steel 
tubes  either  0.25"  or  0.375"  diameter  with  swagelok  fittings  on  both  ends. 

The  bombs  were  cleaned  with  a  suitable  solvent  such  as  hexane  and  acetone  and 
dried  in  an  oven  at  120  C  for  at  least  one  hour.  Approximately  2  cc.  of  the 
test  fluid  was  added  to  the  bomb  and  the  lamp  grade  nitrogen  was  bubbled  through 
the  fluid  for  five  minutes  to  remove  any  air,  and  the  bomb  was  quickly  capped 
with  the  swagelok  fitting.  The  bomb  was  then  weighed  and  placed  in  the  oven 
at  a  specified  temperature(controlled  within  2  C)  for  a  specific  time  period. 
After  the  bomb  was  heated  in  the  oven  for  a  given  length  of  time,  the  bomb  was 
removed,  allowed  to  cool,  and  was  weighed  again.  If  the  pre-test  and  the  post¬ 
test  weights  differed  by  more  than  O.lOOg,  the  test  was  considered  to  be  a  bad 
test.  Generally  the  weight  change  was  found  to  be  0.01  g  to  0.02  g,  but  in 
s.me  cases  the  bomb  developed  leak  due  to  some  reasons,  excessive  weight 
changes  were  observed  and  those  test  were  repeated.  The  thermal  degradation 
products  from  the  bomb  were  analyzed  using  viscosity  measurements,  gas  chromato¬ 
graphic  analysis  for  decomposition  products  both  in  gaseous  and  liqiud  phases, 
and  the  GC/MS  analysis  for  identification  of  decomposition  products.  In  order 
to  analyze  the  gaseous  components,  the  bomb  was  placed  in  a  bath  maintained  at 
-54  C  for  at  least  30  minutes  so  that  gaseous  components  liquify  or  freeze, 
the  bomb  was  then  taken  out  of  the  cold  bath  and  one  of  the  cap  was  replaced 
by  a  cap  with  a  small  hole  containing  a  septum  in  order  to  facilitate  the  removal 
of  the  sample  for  gas  analysis  by  GC.  The  method  and  gas  chromatographic 
conditions  for  gas  analysis  are  listed  in  Table  1.  After  the  gas  phase  sample 
called  headspace  was  analyzed,  the  bomb  was  opened  and  the  liquid  sample  was 
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transferred  to  a  glass  vial  for  analysis  of  liquid  components  and  viscosity 
measurements.  The  method  and  gas  chromatographic  conditions  for  the  analysis 
of  liquid  phase  are  listed  in  Table  2.  Four  mixtures  of  the  disiloxane  MLO 
79-132  in  the  fluid  MLO  84-193  that  were  prepared  contained  1.422,  2.422, 

4.732,  and  5.222  of  MLO  79-182  and  the  remaining  MLO  84-193.  These  mixtures 
were  also  studied  for  thermal  stability  characteristics  using  the  above  test 
procedures  and  analytical  methods. 

V.  RESULTS  AMD  DISCUSSION' 

The  synthetic  fluids  as  mentioned  in  section  III  have  been  investigated 
for  their  thermal  decompostion  characteristics.  For  the  fluid  MLO  84-193, 
the  silahydrocarbon  CH3  Si  (C^qH-^K,  the  thermal  stability  data  as  a  function 
of  time  and  temperature,  and  GC/MS  analysis  of  the  fluid  stressed  at  371.1  C 
for  7  hours  characterizing  the  decompostion  products  both  in  the  gaseous  and 
liquid  phases  has  been  reported  elsewhere  (4).  For  the  fluid  MLO  82-507,  the 
mixture  sialhydrocarbon  consisting  of  CH3  Si  29-32,  CH^  Si  ( ) 2 ~ 

C10H21 •  CH3  Si  C8H17(C10H2i)2:  20.12,  and  CH3  Si(Ci0Hn)3 :  3.12, 

the  thermal  stability  data  as  function  of  time  and  temperature,  and  GC/MS- 
data  characterizing  the  decompostion  products  of  the  fluid  after  stress 
has  been  included  in  another  report  (5).  The  viscosities  of  various  experi¬ 
mental  silahydrocarbon  fluids  as  function  of  temperature  are  listed  in  table  3. 
It  is  noted  that  fluids  MLO  84-193  and  MLO-79-182  do  freeze  below  -  40  C, 
whereas  the  mixture  silahydrocarbon  MLO  82-507  does  not  freeze  even  at  -54  C. 
For  the  fluids  MLO  85-118,  MLO  85-119,  MLO  85-244,  viscosity  measuremnts  were 


made  only  at  37.8  C  before  and  after  the  stress  due  to  limited  amount  of 
these  fluids.  The  data  in  table  4  represents  the  GC  and  Viscosity  data  for 
the  above  experimental  fluids  both  in  the  unstressed  and  stressed  states. 


The  2  concentration  represents  the  amount  of  silahydrocarbon  remaining  in  the 
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fluid  and  is  the  relative  value.  It  is  noted  that  the  fluid  MLO  84-350, 


CH3  Si  3  is  the  most  stable  thermally,  and  the  viscosity  and  GC  data 

agree  with  each  other.  On  the  other  hand  the  fluid  MLO  84-193  CH3  Si  (C^qH^^ 
has  twice  as  much  Z  change  in  concentration  as  compared  to  MLO  84-350,  but 
the  %  change  in  viscosity  is  about  same  in  both  the  fluids.  The  difference 
in  the  two  fluids  may  be  attributed  to  the  factors  such  as  chain  length  of 
the  alkyl  group,  and  the  presence  of  impurity  di-siloxane  in  MLO  84-193. 

In  case  of  the  fluids  .MLO  85-118,  MLO  85-119,  and  MLO  85-244,  the  differences 
in  thermal  stability  are  significant,  whereas  the  threeffuids  are  with  the 
same  number  of  carbon  atoms  :29,  consisting  of  three  straight  chain  octyl 
groups  and  a  5-carbon  group.  The  5-carbon  group  in  MLO  85-113  has  a  double 
bond  in  alpha  position,  in  MLO  85-119  is  a  straight  chain  alkyl  group,  and  in 
MLO  85-244  is  branched  in  the  alpha  position.  The  fluid  MLO  85-244  is 
relatively  more  stable  than  the  fluids  MLO  85-118  and  MLO  85-119,  the  branching 
in  the  alpha  position  in  5-carbon  substituent  group  may  be  the  factor  contri¬ 
buting  to  the  increased  thermal  stability.  The  fluid  MLO  85-118,  which  has 
double  bond  in  5-carbcn  substituent  group  was  found  to  be  considerably  less 
thermallystable  as  compared  to  the  fluid  MLO  85-119.  In  case  of  fluid  MLO  85- 
118  foaming  was  also  observed  in  the  bomb  as  the  bomb  was  opened  after  stress, 
and  the  color  of  the  fluid  also  changed  from  colorless  to  yellow.  The  7.  changes 
in  viscosity  in  all  three  fluids  were  in  the  same  range.  Due  to  the  unusual 
behavior  of  MLO  85-118,  this  fluid  was  also  stressed  at  lower  temperatures, 
the  data  in  table  5  represents  the  thermal  stability  data  as  function  of 
temperature.  The  chromatograms  in  fig.  1  to  5  represent  the  capillary  gas 
chromatograms  of  the  fluid  under  different  conditions.  The  chromatogram  in 
fig.  1  indicates  that  there  are  four  different  isomers  of  the  compound 
C5H9  Si  (CgH^^.  The  chromatograms  in  figures  2,3,  and  4  indicate  that 


there  is  formation  of  silahydrocarbons  with  more  than  29  carbon  atoms  as  the 


fluid  la  stressed,  which  is  also  indicated  by  the  positive  change  in  viscosity 


(see  data  in  table  5).  When  the  fluid  MLO  85-118  is  stressed  at  371.1  C  for 


6  hours,  the  fluid  starts  breaking  into  small  fragments  as  indicated  by  the 


chromatogram  in  fig  5. 


The  data  in  tables  6  to  9  and  figures  6  to  9  represent  the  GC/MS  analysis 


of  the  stressed  fluids  MLO  84-350,  MLO  85-118,  1X0  85-119,  and  MLO  85-244 


respectively.  The  above  data  represents  the  identification  of  the  decompo¬ 


sition  fragments  as  they  are  formed.  It  is  noted  that  in  the  case  of  fluid 


MLO  85-118,  significantly  larger  amounts  of  hydrocarbons  are  formed  as 


compared  to  the  fluids  MLO  85-119,  MLO  85-244,  and  MLO  84-350.  The  presence 


of  the  silahydrocarbon  Si  in  all  three  fluids  after  sress  indicates 


that  there  is  recombination  of  decomposed  fragments  to  form  the  above  compound. 


In  order  to  explore  the  effect  of  impurities  on  the  thermal  stability  of 


a  silahydrocarbon  fluid,  another  fluid  ML079-182,  disiloxane,  mixture  of  four 


different  disiloxanes  was  used.  Four  mixtures  of  the  above  fluid  MLO  79-182 


in  the  fluid  MLo  84-193  were  prepared  With  the  compositions  of  1.1*27.,  2.42Z, 


4.73Z,  and  5.22Z  of  MLO  79-182  .  These  mixtures  were  stressed  at  371.1  C  for 


6  hours  in  stainless  steel  bombs.  The  stressed  mixtures  contained  71. 3Z, 


70. 5Z,  73. 1Z,  and  71. 4Z  of  the  silahydrocarbon  CH3  Si  (^10^21)3  respectively. 


whereas  the  oil  MLO  84-193  when  stressed  under  the  same  conditions  contained 


77. 0Z  of  CH3  Si  (C]_gH2]_)3  component.  These  investigations  indicate  that 


addition  of  disiloxane  as  an  impurity  does  not  have  any  catalytic  effect  on 


the  thermal  stability  characteristics  of  the  fluid  MLO  84-193.  The  greater 


thermal  stability  of  the  fluid  84-350  may  be  due  to  short  chain  length  of  the 
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alkyl  group  CgHjj  as  compared  to  the  longer  chain  length  of  the  alkyl  group 
c10h21  in  case  of  che  fluid  84-193.  The  fluids  MLO  85-118,  MLO  85-119, 
and  MLO  85-244contain  three  straight  chain  octyl  groups  and  a  5-carbon  atom 
group  whereas  the  fluid  MLO  84-350  contains  three  straight  chain  octyl  groups 
and  a  methyl  group,  but  the  fluid  MLO  84-350  is  more  thermally  stable  as  compared 
to  the  fluids  MLO  85-118,  MLO  85-119,  and  MLO  85-244.  It  appears  that 
substitution  of  methyl  group  in  MLO  84-350  by  5-carbon  atom  group  has  reduced 
the  thermal  stability  of  the  silahydrocarbon  CHg  Si 

On  the  basis  of  the  results  presented  in  the  preceding  pages,  it  is 
concluded  that  the  candidate  silahydrocarbon  MLO  84-350  CH3  Si  (CgH^y)3  is 
a  fluid  possessing  highest  thermal  stability.  The  presence  of  double  bond 
in  the  alpha  position  of  a  substituent  group  in  fluid  MLO  85-118  has  decreased 
the  thermal  stability  significantly,  whereas  the  presence  of  branching  in  the 
alpha  position  of  a  substituent  group  in  the  case  of  the  fluid  MLO  85-244 
has  improved  the  thermal  stability  slightly.  The  presence  of  a  disilcxane 
as  an  impurity  in  the  fluid  silahydrocarbon  does  not  seem  to  have  any 
catalytic  effect  on  the  thermal  stability  charcteristics. 
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Table  1.  Method  and  Gas  Chromatographic  Conditions  for  the  analysis  of 
Cases. 

METHOD i  CAR6 
CHANNEL  4 

i.  DATA  INPUT 

RUNTM  «PKS 
40.00,  100 


MV/MIN 

.300, 


DELAY 

0.00, 


MIN-AR 

1000, 


BUNCH 

NO 


INTEGRATOR  EVENTS 
TIHE  EVENT 
1  /E 

CONTROL  EVENTS 

TIME  EVENT  ECM  RLY 

2.  DATA  ANALYSIS 

PROC  RPRT  SUP-UNK 
ZERO,  ME,  NO 

UNITS  TITLE 
AREA  X 


3.  USER  PROGRAMS 

POST-ANAL  DIALG-PRG  PARAM-FILE 
/N 

4.  REPORTS 

RDVC  4RPTS 

1  T2 ,  1 

2  /E 


DONE 


GAS  CHROMATOGRAPHIC  CONDITIONS 
Model:  Perkin  -  Elmer  900 
Fused  Silica  Capillary  Column 
Length: 2  5  M 
Diameter:  0.22  MM 

Liquid  Phase:  Methyl  Silicone  Carbovax  Deactivated 
Split  P>atio:  100  to  1 

Aux:  Cas:  40  ml/min  Carrier  Gas:  1  ml/min 

Chart  Speed:  1  cm/min 
Detector:  FID 
Attenuation:  10  x  16 

Temperatures:  Injector:  220°C;  Detector:  250°C 

Column  Temperature:  -50®C  to  200°C  Program  Rate:  8  deg/min 

Initial  Hold:  0  min  Final  Hold:  20  min 

Sample  Size:  2  ml 

Sample  ID:  Headspace 

Date:  8/24/84 
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Table  2:  Method  and  Cae  Chromatographic  conditions  for  the  analysis  of 
liquids. 


eETHODi*  DVK 
HANNEL  2 


DATA  INPUT 


RUNTM  #PKS 
60.00,  200 


"W'S18,  BiL8i,  MIN‘?S,  BBBCH 


INTEGRATOR  EVENTS 
TIME  EVENT 
i  /E 


CONTROL  EVENTS 

TIME  EVENT  ECM  RLY 

1  80.00,  CY 

2  /E 


2.  DATA  ANALYSIS 


PROC  RPRT  SUP-UNK 
ZERO,  ME,  NO 


UNITS 
AREA  X 


TITLE 


3.  USER  PROGRAMS 


POST-ANAL  DIALG-PRG  PARAM-FILE 
HPGC 


REPORTS 


RDVC  #RPTS 
T2 ,  i 
/E 


GAS  CHROMATOGRAPHIC.  CONDITION' 

MODEL  :HP571C'A 

FUSED  SILICA  CAPILLARY  COLUMN 
LENGTH: 12  M 
DIAMETER: 0. 22  MM 

LIOUID  PHA'ESMETHYL  S IL ICONE  CARDOMAX  DEACTIVATED 
SPLIT  PATIO: 100  TO  1 


AUK.  GAS:  40  ML -'MIN 
CHART  SPEED:  c  OCM/HF: 
DETECTOR: FID 
ATTENUATION: 1 0  X  16 
TEMPERATURES: 

INJECTOR: 300  DEG.  C 

DETECTOR: 350  DEG. C 
COLUMN  TEMR: 70-270  DEG. C 
INITIAL  HOLD: 2  MIN 
SAMPLE  SIZE: STOP 1 
SAMPLE  ID: HYDFL 
DATE: 8^24^84 
ANALYST :DVK 


CARRIER  GAS  :  1  ML -'MIN 


PROGRAM  RATE : 8  DEG^MIN 
FINAL  HDLD: 38  MIN 
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T,„le  6,  CC'MStaUyn,  of  MLO  *4-350  St«.«d  at  37!.l  c  for  6  to„„. 


Scan  No- 

Component  in  GCl 

7.  Concentration 

No 

46 

C5H10  and  C5H22 

0.16 

5 

49 

C6K12  and  CgH34 

0.19 

6 

.52 

C7Hi4  and  C7H16 

0.15 

7 

75 

c8Hi6  and  Cgl^g 

1.11 

8 

206 

(CH3)3  Si  CgH32 

* 

11 

235 

H  Si  CHg  C^Hg  0gH^7 

* 

11 

257 

(cH3)2  Si  c2h5  c8h17 

* 

12 

275,291,305 

C13H28,  (CH3)2  Si  C,H7 
CH3  Si  (C2H5)2  CqHi7 

C8h17» 

* 

13 

328 

(CH3)2  Si  C4H9  CqHi7 

ft 

14 

365,381,388 

(CH3)2  Si  0511220311,  7  .alkene, 
H  Si  CH3  Cgll23  ^8^17 

ft 

15 

391,401,424 

Cl6H32,  CCH3)2SiC6H13C8 
H  Si  CH3  C7Hi5  c8Hl7 

H17  * 

ft 

16 

436,439,448,459 

HP1CH3 (CqH27;2  and  its  isomer  2.19 

17 

470 

(0H3)2  Si  (CgHi7 ) 2 

0.74 

18 

505 

CH3  Si  C2H5  (C8Hi7)2 

0.55 

19 

525 

ch3  Si  c3h7(c3h17)2 

0.37 

20 

549 

ch3  Si  C4H9(C8H17)2 

0.36 

21 

575 

CH3  ^  O5H21 (C8H27)2 

0.61 

22 

601 

626 

644,658 

677 

696 

704 


CH3  Si  c6h13  ^c8h1752  0.78 

CH3  Si  C7Hl5(C8H17)2  1.23 

ch3  Si  (CgHi7)3  88.22 

c2h5  Si  ^c8Hl7)3  0.27 

(cH3)2C8Hi7  Si-O-Si  CH3(C8H27)2  0.29 

C3H7  Si  (CgHi7)3  Q . i 3 
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23 

24 

25 

26 
27 
27 
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Table  7:  GC/MS  Analysis  of  MLO  85-118  Stressed  at  371.1  C  for  6  hours 
(liquid  phase). 

Scan  So.  Component _  No,  of  C  atoms  %  Concentration 


53 

Mixture  of  C5  to  03  Hydrocarbons 

5-8 

20.91 

108 

(CH3)2  Si  (C8H17)2 

18 

0.76 

124 

CH3  Si  C2H5  (C8Hi7)2 

19 

0.63 

136 

CH3  Si  C3H?  (CsH17>2 

20 

0.45 

150 

CH3  Si  C4H9  (C8Hi7)2 

21 

0.36 

163 

H  Si  C5HU(C8H17)2 

21 

0.83 

168 

CH3  Si  C5Hli(CgH17)2 

22 

1.81 

173 

CH3  Si  C5Hg  <C8H17)2 

22 

0.51 

183 

H  Si  C6H9  (C8H17)2 

22 

0.66 

187,197,201 

H  Si  C7H^(CgHj.7)2  an<*  its  isomers 

23 

2.55 

206,216,224 

H  Si  and  its  isomers 

24 

6.54 

229,240 

CH3  Si  (cgH37)3  and  its  isomer 

25 

6.08 

247 

C2H5Si  (C8H^7)3 

26 

2.17 

2  56 

C3H7Si  (C8H17)3 

27 

4.10 

271 

C4Hg  Si  (C8H17)3 

28 

4.32 

279,284,290, 
294,299,  301, 
305,  and  309 

c5h9  st  (c8h17)3 

29 

40.46 

311 

CgH^  Si  (C8Hi7>3 

30 

0.68 

327 

c7  h15  Si  (c3h17)3 

31 

0.71 

339,352 

Si  (C8H17)4 

32 

3.67 

Table  8, 

Scan  No, 


GC/MS  Analysis  of  MLO  85-119  Stressed  at  371.1  C  for  6  hours 
(liquid  phase) . 


Component 


No.  of  C  Atoms  7.  Concentration 


54 

Mixture  of  C5  to  Cg  Hydrocarbons 

5-8 

6.03 

117 

ch3  Si  (c5hu)2  c8h17 

19 

0.24 

126 

ch3  Si  c2H5  (c8h17)2 

19 

0.13 

133 

c2h5  Si  (c5Hn)2  c8h17 

20 

0.26 

156 

c3h7  Si  c4h9  c6h13  c8h17 

21 

0.24 

165 

H  Si  C5Hn  (CsH17)2 

21 

1.74 

170 

CH3Si  C5H11(C8H17)2 

22 

3.09 

189 

C2H5  Si  C5H11(C8H17)2 

23 

2.25 

199 

C3H7  Si  (CgH^7  )2 

24 

1.44 

214 

C4H9  St  C5Hn(C8H17)2 

25 

1.62 

226 

H  Si  (C3H17)3 

24 

1.01 

232 

(C5Hii)2  Si  (C8H17)2 

26 

4.12 

249 

C2H5  Si  (C8H17>3 

26 

1.80 

251 

c5H11  Si  C6H13  ^C8H17 ^ 2 

27 

0.56 

271 

C5H11  Si  c7h15  (c8h17)2 

28 

1.67 

282,296 

C5H11  S1  ^C8H17^3 

29 

63.80 

310 

c6h13  Si  (c8h17^3 

30 

0.79 

330 

c7k15  Si  (C8H17)3 

31 

1.13 

355 

Si  ( CgH^ 7 > 4 

32 

2.41 
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Table  9:  GC/MS  Analysis  of  MLO  85-244  Stressed  at  371.1  C  for  6  hours 
(liquid  phase) . 


Scan  No . 

54 

105 

119 

126 

131 

137 

144 

159,164 

167,169 

186,188 

194,198 

209 

226 

230 

249 

260 

267,278 

287,300,307 

329 

364 

385,408 


Component 

Mixture  of  C5  to  Cg  Hy 
H  Si  CH3  (CgH17)2 

H  Si  C2H3  ( *“8^17 ^ 2 
ch3  Si  c2h5(c8h17)2 
H  Si  C3H7  (C8H17)2 
ch3  Si  c3h7(c8h17)2 
(c2h5)2  Si  <c8h17)2 

H  Si  C5HU  (CgH17)2 
ch3  Si  c5Hn  (c8h17)2 
c2h5  Si  c5hu  (c8h17)2 
c3h7  Si  c5hu  (c8h17)2 

C4H9  Si  CjHj^  (C8H17)2 
H  Si  (C8H17)3 
0.3  SI  (C8Hi/3 
C,a5  si  (C89l7)3 
C3H7  Si  (C8H17)3 

C4h?  Si  ^C8H17^3 
C5H11  Si  (CgH17)3 
c6hL3  Si  (C8H17)3 

C7H15  Si  <C8H17)3 
si  (c8h17)4 


No. of  C  Atoms  X  Concentration 


5-8 

6.35 

17 

0.14 

18 

0.18 

19 

0.03 

19 

0.12 

20 

0.03 

20 

0.08 

21 

2.79 

22 

1.09 

23 

0.74 

24 

0.61 

24 

0.77 

24 

3.17 

25 

1.45 

26 

2.40 

27 

1.83 

28 

4.34 

29 

69.89 

30 

0.44 

31 

0.60 

32 

4.29 

39.20 
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INTRODUCTION 


Fumed  silica,  such  as  the  Cab-O-Sil  products  produced  by  the  Cabot 
Corporation,  are  used  extensively  as  fillers  in  silicone  and 
f luorosilicone  elastomers.  Surface  treatment  of  the  silica  with  silanes 
produces  a  filler  with  improved  characteristics  in  the  milling  process 
as  well  as  an  elastomer  with  enhanced  physical  properties.  A 
preliminary  study  used  Cab-O-Sil  M-5  for  extensive  evaluation  with 
various  treatment  procedures.  In  addition,  during  this  study  a  trial 
using  a  different  filler  indicated  that  an  improved  elastomer  could  be 
producedby  increasing  the  surface  area  of  the  filler.  The  object  of 
this  work  was  to  determine  the  effect  of  the  surface  area  of  the  silica 
fillers,  as  well  as  the  effect  of  various  surface  treatments,  on  the 
properties  of  compounded  elastomers.  This  included  the  determination  of 
the  extent  of  the  silane  surface  reaction. 


EXPERIMENTAL 


Materials 

Fumed  silica  (shown  on  Table  1)  were  obtained  from  the  Cabot 
Corporation.  These  fillers  provide  a  four-fold  variation  in  surface 
area.  The  cable  also  lists  the  physical  properties  (surface  area, 
particle  diameter  and  average  OH  groups  per  gram)  as  published  by  the 
manufacturer. 

Hexaraethvldisilazane  (HMDS)  and  1 ,4-divinyltetraroethyldisilazane 
(DVMS)  were  obtained  from  Petrarch  Systems,  Inc.,  and  used  without 
further  purification.  Solvents  (toluene  and  methylene  chloride)  were 
used  as  obtained  from  Fisher  Scientific. 

Silastic  LS420,  a  polysiloxane  with  methyl,  trif luoropropyl  and 
vinyl  groups  attached,  was  obtained  from  Dow  Corning  Corporation. 


Treated  Fillers 

The  fumed  silica  fillers  were  treated  with  varying  quantities  of  a 
solution  of  hexaraethvldisilazane  and  0-10  molX 

l  ,4-divinyltetramethyldisi lazane  in  toluene.  The  usual  procedure  used 
20.0  g  of  the  filler  dispersed  in  600-700  mL  toluene  with  a  Ross  Micro 
Mixer-Emulsifier.  The  amount  of  solvent  varied  to  assure  adequate 
mixing  of  the  thick  mixture.  One  mL  of  water  was  added  and  blended  for 
about  5  minutes.  The  disilazane  mixture  was  then  added  with  continued 


blending.  The  mixer  was  removed  and  replaced  by  a  magnetic  stirrer. 

The  mixture  was  heated  to  about  100°C  (until  it  became  translucent)  and 
then  allowed  to  cool  overnight.  The  mixture  was  vacuum  filtered  and  the 
solid  air  dried.  Final  drying  was  for  about  4  hours  at  150°C. 

Additional  samples  of  the  Cab-O-Sil  M-5  were  treated  in  an  analogous 
manner  without  the  addition  of  water. 

The  amounts  of  disilazane  mixture  added  were  based  on  the  published 
concentration  of  OH  groups  per  gram  for  each  filler.  Thus  the  amount  of 
the  disilazane  mixture  used  for  a  given  treatment  level  varies  from 
filler  to  filler  when  expressed  as  moles  per  kilogram  filler.  The 
amounts  used  are  expressed  as  _ne  fraction  (X)  needed  for  complete 
reaction,  assuming  two  OH  groups  react  per  disilazane  molecule. 


Compounding 


The  fillers  (treated  and  untreated)  were  compounded  with  Silastic 
LS420  according  to  the  following  formulation 


50.0  g  Silastic  LS  420 
20.0  g  filler 
1.0  g  Luperco  CST 

Press  Cure:  5  minutes  at  240°F 
Post  Cure:  16  hours  at  400°F 


The  silica  filler  was  milled  into  the  elastomer  using  a  3"  x  8" 
two-roll  mill.  When  the  dispersion  appeared  complete  the  Luperco  SCT 
was  slowly  added  and  followed  by  additional  milling.  Approximately 
thirty  minutes  were  required  for  the  entire  process.  The  mixture  was 
then  removed  from  the  mill  and  immediately  press  cured  in  a  6"  x  6"  x 
0.050"  mold.  With  the  treated  fillers,  the  tacky  mixture  had  to  be 
scraped  from  the  mill  using  a  putty  knife.  Although  the  flow 
characteri  tics  of  the  compound  were  good,  the  finished  sheets  had 
variable  thickness  and  occasionally  showed  flaws. 


Physical  Properties 


The  cured  sheets  were  cut  to  accommodate  the  following  tests: 


Ha  rdness 

Tear  Strength,  Die  B 

Tensile  Strength,  1/8  inch  (constricted  width) 
dumbbell 
Elongation 
50  %  Modulus 
100%  Modulus 

Compression  Set  (25%  compression,  72  hr  at  275  F) 
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Differential  Scanning  Calorimetry 


Differential  scanning  calorimetry  (DSC)  data  were  obtained  using  a 
Perkin-Elmer  DSC-4  with  control  and  data  storage  using  a  Model  3600  Data 
Station.  Samples  (5  to  10  mg)  were  sealed  In  aluminum  pans  and  heated 
in  air  at  either  40  degrees  per  minute  (50°C  to  500°C)  or  10  degrees  per 
minute  (300  C  to  500  C).  A  baseline  correction  program  was  used  in  all 
cases . 


RESULTS 


The  five  fumed  silica  materials,  shown  in  Table  1,  encompassed  a 
four-fold  variation  in  surface  area,  All  were  treated  with  a  mixture  of 
disilazanes  to  provide  a  surface  modified  material  according  to  the 
general  reaction 


R'  R' 
R-Si-N-Si-R 
R  R 


-> 


v  *' 

2  -Si-O-Si-R 

'  R 


NH. 


where  R  -  R'  =*  -CH  ,  HMDS 

or  R  =  -CH3,  R’  »  -CH-CH2  ,  DVMS 


Incorporation  of  the  vinyl  functional  group,  using  1  to  10  mol%  DVMS  was 
intended  to  produce  additional  reaction  sites  for  crosslinking  in  the 
elastomers  and  thus  improve  the  physical  properties. 

The  treatment  ltjvel  was  determined  based  on  the  published  silanol 
concentration  (OH/nm  )  for  each  filler.  The  levels  chosen  were  to 
provide  partial  (approximately  half),  nearly  complete  (stoichiometric) 
and  complete  (two-fold  excess)  coverage.  The  threatment  procedure 
followed  was  that  which  gave  the  best  results  in  the  preliminary  study. 

A  micro-mixer-emulsifier  was  used  to  disperse  the  fillers  in  the 
solvent.  This  was  followed  by  the  addition  of  a  small  amount  of  water 
to  ensure  the  maximum  number  of  free  silanols.  The  desired  amount  of 
disilazane  solution  was  then  added  and  the  suspension  heated  to  reflux 
and  allowed  to  cool. 

The  results  of  the  physical  testing  of  the  treated  fillers,  as 
compounded  with  the  f luorosilicone  elastomer,  Silastic  LS420,  are  shown 
in  Tables  2  through  7.  With  the  exception  of  the  Cab-0-Sil  M-5 ,  only  a 
limited  amount  of  each  was  available  and  duplicate  trials  were 
impossible.  The  conclusions  from  the  testing  are  complicated  by  the 
rather  large  variations  which  often  occurred  in  test  specimen  cut  from 
the  same  sheet.  This  is  due  in  part  to  the  stickiness  in  the  compounded 
materials  which  made  it  difficult  to  remove  from  the  roll  mill  and 
properly  place  in  the  mold.  Nevertheless,  some  general  conclusions  seem 
evident. 


In  the  case  of  the  untreated  fillers  the  surface  area  correlates 
with  50%  and  100%  modulii,  hardness,  percent  compression  set  and  tear 
strength.  The  increase  in  surface  area  produces  a  cured  elastomer  that 
is  harder,  with  greater  resistance  to  stretching  and  tearing.  The 
rather  large  increase  in  percent  compression  set  (nearly  double)  is 
consistent  with  an  increase  in  available  OH  groups  on  the  filler  which 
react  further  under  the  pressure  and  temperature  conditions  of  the  test. 
Tensile  strengths  and  percent  elongation  showed  no  discernable  trend. 

In  all  cases,  treatment  with  the  disilazane  mixture  produced  silica 
fillers  with  improved  properties,  although  the  results  do  not  appear  to 
be  entirely  consistent  for  any  given  filler  or  treatment  regimen.  The 
fillers  with  the  largest  surface  area  produced  the  elastomers  with  the 
largest  tensile  strength,  lowest  modulii,  the  smallest  compression  set 
and  the  greatest  tear  strength.  The  change  in  properties  is  most 
particularly  apparent  in  the  reduced  values  for  percent  compression  set. 
In  the  case  of  EH-5 ,  the  decrease  was  greater  than  fifty  percent  in  all 
cases.  Although  the  compression  set  values  for  the  smallest  surface 
area  filler  (L-90)  are  nearly  the  same  as  those  for  EH-5,  the  change 
with  surface  treatment  is  far  smaller.  In  the  case  of  HS-5,  with  only 
slightly  smaller  surface  area  than  EH-5,  the  compression  set  remains 
nearly  unaffected  by  treatment.  Factors  other  than  particle  size  and 
surface  area  must  distinguish  between  these  two  fillers.  The  results 
with  other  physical  tests  do  not  show  the  same  behavior. 

The  presence  of  the  vinyl  group  does  not  appear  to  have  a 
consistent  affect  on  the  properties  of  the  formulated  elastomers.  A  1 
mol%  DVMS  treatment  does  appear  to  present  the  best  properties  but  there 
is  no  apparent  trend  in  comparison  with  5  and  10  mol%  treatments. 

Attempts  to  quantify  the  presence  of  the  silanes,  particularly  the 
vinyl  groups,  with  infra  red  spectroscopy  proved  unsuccessful  with  the 
techniques  and  time  available.  With  a  KBr  disk,  the  absorptions  were 
visible  but  could  not  be  quantified.  Additional  investigations  will  be 
conducted  using  infra  red  spectroscopy. 

Using  differential  scanning  calorimetry  (DSC)  on  the  treated 
fillers  in  oxygen  revealed  a  strong  exothermic  peak.  The  exotherm  is 
not  reversible  and  occurs  with  an  onset  temperature  between  360  and 
380  C  and  a  maximum  of  about  400  C.  The  peak  is  completely  absent  when 
the  sample  is  heated  to  510  C  under  nitrogen.  It  is  likely  that  the 
peak  is  the  result  of  a  radical  reaction  between  the  oxygen  and  the 
silanoxane  surface  group.  The  magnitude  of  the  exotherm  correlates 
reasonably  well  with  the  extent  of  surface  treatment  as  shown  by  the 
results  on  Table  8. 

The  0SC  results  do  not  appear  to  distinguish  between  the  methyl  and 
the  vinyl  functional  groups.  The  results  on  Table  9  show  essentially 
the  same  results  without  regard  to  the  percent  of  the  divinyl  disilazane 
in  the  treating  mixture.  Preliminary  work  with  a  lower  treatment  level 
of  0.5  X  shows  the  presence  of  two  exothermic  peaks  which  change  with 
the  concentration  of  vinyl.  However  the  trend  is  unexpected  with  two 
peaks  appearing  when  no  vinyl  group  is  present  and  only  one  peak 
appearing  when  the  vinyl  concentration  approaches  10%.  Further 
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experimentation  is  needed  to  verify  this  result  before  an  explanation 
can  be  suggested. 

Table  10  shows  the  effect  of  surface  area  using  DSC.  The  amount  of 
reaction  observed,  reported  in  cal/gram,  varies  directly  with  the 
surface  area  of  the  filler.  As  expected,  with  an  increase  in  the 
surface  area  there  is  a  larger  amount  of  disilazane  incorporated.  This 
correlation  does  not  appear  when  comparing  the  physical  testing  of  these 
samples.  As  noted  before,  this  may  be  due  in  part  to  the  excessive 
variability  frequently  encountered  when  compounding  and  testing  a 
single  sample. 


SUMMARY 


The  results  of  this  work  have  shown  that  the  surface  area  of  the 
fumed  silica  fillers  affects  the  physical  performance  of  the  compounded 
elastomers.  Although  discrepencies  exist  with  individual  test  results, 
the  fillers  with  the  largest  surface  area  give  the  elastomers  with  the 
most  improved  properties.  DSC  data  show  that  the  amount  of  disilazane 
incorporated  depends  of  the  surface  area  of  the  filler  and  reaches  a 
maximum  at  approximately  the  stoichiometric  ratio  calculated  from  the 
published  surface  area.  The  presence  of  the  vinyl  group  does  not  appear 
to  be  a  major  factor  and  as  yet  has  not  been  quantified. 
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TABLE  2 

Tesc  Resales  Using  Cab-O-Sil  L-90 


Tensi le 

Treatment  Strength 
(lb/in  ) 


Modulus  Shore  A  25% 

50%  100%  Hardness  Elong  Comp. Set  Tear 

(lb/in2)  (%)  (%)  (lb/in) 


TABLE  3 
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Test  Results  Using  Cab-O-Sil  LM-130 


Tensi le 

Modulus 

Shore  A 

25% 

Treatment3 

Strength 

50%  100% 

Hardness 

Elong 

Comp. Set 

Tear 

(lb/in“) 

(lb/in  ) 

(%) 

(%) 

( lb/in) 

None 

910 

270 

530 

70 

0.5X  5% 

970 

200 

430 

57 

IX  5%b 

7  30 

170 

390 

53 

4X  5% 

920 

150 

360 

50 

IX  1% 

810 

L60 

400 

51 

IX  5%b 

730 

170 

390 

5  ) 

IX  10% 

o90 

170 

360 

53 

160 

23 
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Treatment 


0.5X  5% 


IX  5%b 


2X  5% 


IX  1% 


IX  5% 
IX  10% 


TABLE  4 


Test  Results  Using  Cab-O-Sil  M-5 


Tensile  Modulus 


Shore  A 


Strength  50%  100%  Hardness  Elong  Comp. Set  Tear 

(lb/in  )  (lb/in  )  (%)  (%)  (lb/in) 


840 

310 

520 

73 

160 

32 

78 

750 

310 

520 

72 

150 

34 

76 

890 

380 

580 

75 

160 

33 

85 

1000 

220 

430 

61 

210 

20 

77 

960 

210 

400 

55 

220 

22 

72 

820 

170 

340 

50 

210 

29 

66 

o 

CD 

/~) 

190 

370 

51 

230 

19 

76 

960 

210 

400 

55 

220 

22 

72 

960 

190 

350 

54 

240 

26 

75 
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TABLE  6 


Test  Results  Using  Cab-O-Sil  HS-5 


Treatment 


Tensl le 
Strength 
(lb/in2) 


Modulus  Shore  A 

50%  100%  Hardness 

(lb/in2) 


25% 

Elong  Comp. Set 

(%)  (%) 


Tear 

(lb/in) 


TABLE  7 


Test  Results  Using  Cab-O-Sil  EH-5 


Tensile  Modulus  Shore  A  25% 

Treatment3  Strength  50%  100%  Hardness  Elong  Comp. Set 

(lb/in )  (lb/in  )  (%)  (%) 


Tear 
(lb/in) 


TABLE  8 


Differential  Scanning  Calorimetry3  of  Treated  Cab-O-Sil  M-5 
Treatment  Level*3  Onset  (deg  C)  Maximum  (deg  C)  Heat  (cal/gram) 


0.25 

X 

389 

418 

-11 

0.50 

X 

362 

399 

-39 

0.75 

X 

369 

409 

-45 

1.0 

X 

368 

401 

-58 

aAll  values  were  obtained  using  heating  rate  of  40  deg/min. 

Later  work  used  10  deg/min  to  give  more  reproducible  results. 
bl  mol%  DVMS 

c 

very  broad  peak 
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TABLE  9 


Dif  fe  rencial 

reatraent  Level 


Scanning  Calorimetry3  of  Surface  Treated  Cab-O-Sil  M-5 
Onset  (deg  C)  Maximum  (deg  C)  Heat  (cal/gram) 


TABLE  10 


Differential  Scanning  Calorimetry3  of  Surface  Treated  Silica  Fillers*5 


Cab-O-Sil  Surface  Area  (m2/g)  Onset  (deg  C)  Peak  (deg  C)  Heat  (cal/gram) 


LM-130 


ml 


Heating  Rate  »  10  deg/min 
Treatment  Level  1  X  1%  DVMS 
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ABSTRACT 


The  research  conducted  during  this  Research  Initiation  (RIP)  Program  was 
a  direct  foilow-on  project  from  work  conducted  under  a  1984  USAF-SCEEE 
Summer  Faculty  Research  Program  (SFRP)  at  the  Materials  Laboratory  of 
the  Air  Force  Wright  Aeronautical  Laboratories.  That  earlier  effort 
served  as  a  feasibility  study  that  clearly  defined  the  experimental 
conditions  necessary  to  examine  elecronic  scattering  in  extrinsic  p-type 
silicon  samples  by  Raman  spectroscopy.  It  was  demonstrated  in  the  work 
of  this  RIP  program  that  near  infrared  laser  light  pulses  from  a  Nd:YAG 
laser  can  permit  one  to  effectively  probe  the  bulk  of  the  silicon 
material  when  at  cryogenic  temperatures  since  the  absorption  coefficient 
is  low  and  the  samples  are  sufficiently  transparent  at  several 
wavelengths  available  from  the  Nd:YAG  laser.  A  Raman  scattering 
collection  and  detection  system  was  assembled  that  has  acceptable 
efficiency  at  these  near  IR  wavelengths.  New  gratings  were  purchased 
and  installed  that  were  manufactured  with  the  appropriate  blaze 
wavelength  of  1250  nm  for  grating  efficiency  at  wavelengths  just  beyond 
1064  nm  and  that  were  ruled  with  600  grooves/mm  to  match  the  mechanical 
constraints  of  an  existing  double  spectrometer.  A  state-of-the-art 
extended  IR  range  photomultiplier  detector  was  purchased  and  used 
effectively  at  near  -40C  in  a  new  "supercooled"  thermoelectric  cooled 
housing.  This  new  detector  coupled  with  the  gated  electronics  and 

digital  photon  counting  system  available  for  use  with  our  pulsed  IR 
laser  permitted  the  collection  of  data  with  very  small  background  level 
signals,  even  chough  some  fluorescence  was  obviously  coming  from  the 
silicon  samples  when  used  at  temperatures  above  4K.  A  persistent 
question  remains  in  Che  literature  concerning  the  existence  of  Raman 
active  electronic  scattering  in  silicon  crystals  conventionally  doped 
with  group  IILA  elements  such  as  boron,  aluminum,  gallium,  indium,  and 
thalium.  Data  from  boron  doped  silicon  material  has  been  interpreted 

for  years  by  some  researchers  as  resulting  from  an  electronic  transition 
in  that  material.  It  is  felt  that  if  boron  doped  silicon  has  Raman 
active  electronic  transitions,  then  similar  Raman  active  transitions  are 
expected  to  exist  in  the  other  IIIA  doped  crystals  at  about  the  same 
energy,  however  these  had  not  been  previously  reported.  It  was 
demonstrated  clearly  in  this  work  with  a  series  of  boron  doped  silicon 
samples  with  doping  levels  of  2.4E15,  1.3EI6,  and  I.6E17  that  there  is  a 
Raman  active  electronic  transition  shifted  by  184  cm-1  from  the  laser 
energy.  Incident  laser  lines  at  1064  nm,  1074  nm,  1116  ran,  and  1123  nm 
were  used.  The  intensities  of  the  Raman  active  transition  observed  at 
184  cm-1  followed  the  known  doping  levels  of  boron  in  the  samples. 


I. 


INTRODUCTION 


The  research  and  development  of  high  quality  extrinsic  silicon 
material  for  the  fabrication  of  infrared  detectors  to  be  used  in  operat¬ 
ional  systems  is  of  continuing  importance  to  the  Air  Force.  The  optical 
and  electrical  characterization  of  these  materials  is  necessary  for  the 
scientific  understanding  of  the  mechanisms  and  properties  that  are  to  be 
employed  in  useful  devices.  Hall  effect  studies  continue  to  be  in  the 
mainstream  of  techniques  that  yield  interesting  and  useful  details 
concerning  the  electrical  transport  properties  of  semiconducting 
materials.  Visible  and  infrared  absorption  and  emission  spectroscopies 
are  among  the  spectral  characterization  techniques  that  yield  a  great 
deal  of  information  about  the  electronic  excitations  in  semiconductors. 
Raman  scattering  spectroscopy  is  a  useful  tool  for  studying  electronic 
transitions  which  may  be  forbidden  by  selection  rules  or  which  occur  in 
experimentally  inconvenient  spectral  regions  for  IR  spectroscopy. 

In  this  study,  the  application  of  Raman  scattering  spectroscopic 

techniques  to  silicon  samples  conventionally  doped  with  one  of  the  group 

IILA  elements  such  as  boron,  aluminum,  gallium,  indium,  or  thallium  was 

considered.  Silicon  is  a  much  studied,  technologically  important, 

material.  The  quality  and  purity  of  these  crystals  has  been  driven  by 

their  frequent  use  as  the  base  materials  for  the  fabrication  of 

sophisticated  devices.  Among  the  open  questions  in  silicon  that  could 

yield  under  the  continued  improvement  in  state-of-the-art  experimental 

techniques  and  the  availability  of  higher  quality  crystals  is  a  better 

understanding  of  shallow  p-type  acceptor  impurities  such  as  the  group 

IILA  elements.  Raman  spectroscopy  has  been  used  extensively  to  study 

phonon  spectra  and  phonon  interactions  in  pure  and  doped  silicon,*  ^ 
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but  comparatively  few  researchers  have  reported  studies  of 

electronic  transitions  in  this  semiconductor.  In  their  now  classic 

8  9 

paper,  Wright  and  Mooradian  *  reported  on  Raman  scattering  from 
phosphorus  donor  and  from  boron  acceptor  impurities  in  silicon.  They 
observed  a  rather  weak,  sharp  line  at  23.4  meV  which  was  attributed  to 
the  boron  acceptors.  Jain,  Lai  and  Klein**  produced  an  extensive  Raman 
scattering  study  of  phosphorus-doped  silicon  which  included  some 


observations  concerning  antimony  and  arsenic  donor  Impurities  in 
silicon.  Their  paper  also  contained  a  section  concerning  their 
observations  on  p-cype  acceptors  in  silicon.  They  reported  a  sharp  line 
at  184  cm  ^  (22.8  meV )  in  the  Raman  spectra  of  boron-doped  silicon  which 
was  attributed  to  an  electronic  transition  associated  with  the  boron 
acceptor  stace.  In  addition,  they  reported  unsuccessful  attempts  to 
observe  similar  transitions  in  alumi uum-doped  and  gallium-doped  silicon 
samples,  and  commented  on  not  understanding  this  absence  in  their 
spectra. 

Due  to  the  extreme  similarity  of  Group  IIIA  acceptor  absorption 
spectra,  it  would  seem  reasonable  to  expect  transitions  similar  to  the 
reported  boron  electronic  transition  to  occur  in  aluminum,  gallium, 
indium,  and  thallium-doped  silicon.  To  the  best  of  our  knowledge, 
attempts  have  only  been  made  in  aluminum  and  gallium-doped  samples  and 

these  previous  negative  results  were  reported  some  years  ago  when 

1 2 

silicon  sample  quality  was  less  developed.  As  was  pointed  out  by  Klein 
in  a  review  on  electronic  scattering  in  semiconductors,  it  is  generally 
felt  that  additional  theoretical  and  experimental  work  is  necessary  for 
better  understanding  of  acceptor  states  in  silicon. 

It  is,  however,  not  an  easy  experiment  to  undertake  due  to  a 

combination  of  facts.  Firstly,  while  the  ratio  of  Raman  to  Raleigh 
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scattering  intensities  is  generally  in  the  order  of  10  to  10  ,  with 

incident  high-power  lasers  a  Raman  scattered  intensity  is,  in  general, 
readily  detectable.  However,  Raman  interactions  in  silicon,  other  than 
with  the  L0  phonon,  are  known  to  be  very  weak.  Signal  levels  are 
therefore  very  low  and  even  small  electronic  noise  such  as  dark  current 
in  the  photomultipler  detector  is  a  big  problem.  Secondly,  since 
silicon  is  not  transparent  to  visible  light,  lasers  operating  at  near 
infrared  wavelengths  must  be  employed  in  order  to  probe  the  volume  of 
the  silicon  samples.  Detector  sensitivity  then  becomes  a  problem  at 
these  1R  wavelengths  because  the  only  photocathode  that  has  any 
sensitivity  in  that  spectral  region  is  the  S-l  cathode  and  its  quantum 
efficiency  for  the  production  of  photoelectrons  is  generally  very  poor. 
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NEAR  IR  RAMAN  SCATTERING  FACILITY 


The  laser  Raman  experimental  set-up  Is  based  on  a  pulsed  Nd:YAG 
laser,  a  SPEX  model  1401  (0.85  m)  double  monochrometer,  photon  counting 
detection,  and  a  gated  digital  signal  processing  system.  Figure  1  shows 

a  schematic  representation  of  this  pulsed  laser  Raman  spectroscopy 

1 3 

system  .  The  laser  is  capable  of  operating  in  the  burst,  Q-switched 
mode  which  generates  about  10  output  pulses  of  approximately  200 
nanosecond  duration  during  each  150  to  200  microsecond  long  bursts  when 
operated  at  1064  no.  When  the  prism  is  adjusted  for  laser  output  at 
longer  wavelengths,  fewer  output  pulses  occur  during  each  burst.  Burst 
rates  are  normally  set  at  about  50  per  second  and  the  average  power 
delivered  is  in  the  order  of  thirty  to  a  hundred  milliwatts,  with  peak 
power  during  each  of  the  ^-switched  pulses  in  the  kilowatt  range. 

The  basic  idea  of  a  pulsed  system  is  to  reduce  unwanted  detection 
of  background  signals  due  to  certain  fluorescences  and  from  other  stray 
light  as  well  as  photomultiplier  dark  current  by  gating  the  digital 
signal  detection  electronics  "ON"  only  when  there  is  temporal 
coincidence  with  an  input  laser  pulse.  A  small  portion  of  the  incident 


Figure  1.  Schematic  of  Pulsed  Laser  Raman  spectroscopy  System 
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laser  light  pulse  Is  reflected  onto  a  PIN  diode.  The  output  of  this 
diode  unit  serves  both  as  a  timing  pulse  and  as  a  means  to  sample, 
monitor, and  record  the  incident  laser  power.  A  Time  Pickoff  Unit  (Ortec 
260)  feeds  this  pulse  from  the  diode  to  an  Integrator  and  sample/hold 
unit  that  yields  an  analog  signal  representative  of  input  laser  power. 
This  analog  output  is  both  digitized  for  digital  recording  and  used  as 
the  denominator  in  a  divider  (PAR  230  Multiplier  Unit)  to  give  a 
normalized  output  for  analog  recording  used  to  visually  monitor  scans. 
This  same  output  from  the  PIN  diode  provides  a  timing  pulse  (Ortec  403) 
to  trigger  a  pulse  generator  (pulse  generator  B  in  figure  1; 
Systron-Donner  100A  Pulse  Generator).  Additionally,  the  synchronized 
output  from  the  Chromatix  laser  lamp  flash  circuit  is  used  to  trigger 
another  pulse  generator  (pulse  generator  A  in  figure  1;  portion  of  PAR 
CW-1  Boxcar  Integrator)  that  is  used  to  feed  the  enable  gate  of  pulse 
generator  B  in  figure  1.  In  this  configuration,  pulse  generator  B 
provides  an  output  pulse  to  open  a  gate  to  the  digital  counter  (SSR  1120 
Photon  Counter)  only  during  the  time  duration  of  each  pulse  of  the 
laser,  and  spurious  firing  of  pulse  generator  B  is  virtually  eliminated. 
Since  scattered  photons  detected  by  the  photomultiplier  on  the  exit  slit 
of  the  spectrometer  are  counted  by  the  digital  counter  only  during  the 
short  time  (100-200  ns)  that  the  laser  is  active,  background  signal  from 
photomultiplier  dark  current,  fluorescence,  ambient  light,  etc.,  are 
essentially  reduced  to  near  zero  and  weak  Raman  signals  are  observable. 
Typical  operation  is  to  hold  a  spectrometer  setting  for  a  fixed  number 
of  input  laser  pulses  (e.g.  4000).  The  signal  to  noise  ratio  is 
improved  at  larger  numbers  of  input  pulses. 

Three  digital  signals  are  recorded  for  each  setting  of  the 
spectrometer,  the  scattered  photon  count  from  the  counter,  the  digitized 
output  from  the  integrator  and  sample/hold  circuit  that  is  proportional 
to  the  incident  laser  power,  and  a  digitized  signal  from  the 
spectrometer  setting  that  gives  the  wavenumber  shift  measured  from  the 
incident  laser  wavelength.  These  three  signals  are  processed  through  a 
PAR  Series  260  multiplexer  unit  and  recorded  by  an  IBM  PC/AT 
microcomputer  for  display  and  subsequent  processing.  The  digital  output 
of  the  photon  counter  is  also  converted  to  an  analog  signal  for  analog 
recording  on  an  x-y  plotter  as  an  alternate  operator  monitor. 
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This  pulsed  laser  Raman  scattering  system  with  gated  electronics, 
photon  counting  detection  and  digital  recording  on  magnetic  tape  was 
available  prior  to  this  work,  but  Raman  studies  had  been  done  only  in 
the  visible.  The  NdYAG  laser  system  has  an  internal  doubling  crystal 
for  operation  at  532  nm  output.  It  was  obvious  from  earlier  efforts 
using  this  green  light  to  probe  near  the  surface  of  silicon  that  the 
1064  nm  line  (or  perhaps  even  longer  wavelengths)  from  the  YAG  laser 
should  be  used  to  investigate  impurities  in  doped  silicon.  At  low 
temperatures,  this  corresponds  to  a  region  of  low  absorption  and  the 
volume  of  the  sample  can  be  probed.  Several  modifications  were 

necessary  in  the  experimental  facility  before  a  near  Infrared  Raman 
system  was  operational.  First,  the  existing  spectrometer  with  a  pair  of 
1200  g/mm  gratings  could  not  mechanically  be  turned  past  1.0  micron 
position,  and  we  needed  to  work  in  the  1064  to  1130  nm  range.  A  pair  of 
new  gratings  with  600  g/mm  were  purchased  from  Spex  to  meet  the 
specifications  of  the  existing  double  spectrometer.  Thus  with  these 
gratings,  1064  nm  (9400  cm-1 )  light  shows  up  at  the  mechanical  position 
of  the  spectrometer  marked  532  nm  (18800  cm-1).  These  gratings  were 
biased  at  22  degrees  (blase  wavelength  1.25  micron)  for  efficiency 
ranging  from  882  at  1.15  micron  to  86%  at  1.25  microns. 

Next,  the  existing  (very  efficient  in 
the  visible)  C31034  end  window 
photomultiplier  had  to  be  replaced  by 
one  with  SI  response  so  that  it 
posessed  some  reasonable  sensitivity 
at  wavelengths  beyond  1064  to  perhaps 
1250  nm  .  While  tubes  with  Ag-O-Cs 
photocathode  materials  all  have  the 
generic  S-l  spectral  response,  side 
window  tubes  like  the  C3 1004a  have 
reflective  type  photocathodes  and 
show  less  sensitivity  at  the  longer 
wavelengths.  End  window  tubes  with  a 

300  40C  *X  SOC  TOC  WC  XC  XX. 

ifinn-r~  mm,  transmissive  photocathode  on  the 

inside  of  the  glass  like  the  7102  and 
Figure  2.  PM  Spectral  Response  the  R632  are  a  little  better  at  the 
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longer  wavelengths.  We  purchased  the  smaller  diameter  (1/2  inch) 
Hamamatsu  R632-01  photomultiplier  tube  especially  selected  for  high  IR 
response  relative  to  its  total  white  light  responsee.  The  smaller 
photocathode  surface  yeilds  less  dark  current.  Photomultiplier  tubes 

with  SI  photocathodes  are  known  to  be  very  noisy  and  consequently  must 
be  cooled  to  reduce  dark  current  noise.  Dark  emission  is  reduced  by 
abouc  an  order  of  magnitude  for  every  20  degrees  cooling  (Dark  emission 
from  107  electrons  per  sec  per  cm^  at  +20C  to  10^  e  s  *  cm  ^  at  -40C  ). 
A  model  TE210RF  super-cooled  photomultiplier  housing  was  purchased  from 
Products  for  Research  for  use  with  this  tube.  It  is  a  water  cooled 
thermoelectric  device  that  maintains  the  PM  tube  at  60  degrees  below 
ambient  temperature  to  about  -40C. 

With  the  addition  of  new  gratings  and  a  new  photomultiplier  tube 
detector  in  a  supercooled  housing,  an  experimental  facility  was  put  into 
operation  that  was  capable  of  pulsed  infrared  laser  Raman  scattering 

studies.  During  the  time  of  these  modifications  and  renovations  in  the 
system,  IBM/XT  and  IBM/AT  computers  were  also  incorporated  into  the 
facility  as  the  digital  data  recorder.  Digital  data  taken  earlier  in 
this  program  was  stored  on  magnetic  tapes  using  the  Texas  Instruments 
Silent  700ASR  Electronic  Data  Terminal.  Then  conversion  was  made  to 
floppy  disk  data  storage  using  a  Radio  Shack  TRS80  Model  IV 
microcomputer,  to  disk  storage  on  an  IBM/PC  personal  computer,  to  an 

IBM/XT,  and  finally  an  IBM/AT  was  incorporated  into  the  system.  Earlier 
graphs  were  presented  by  way  of  plots  generated  on  a  TRS80  Flatbed 
Plotter  FP-215  using  our  own  software  programs.  Starting  with  Figure  13 
in  this  report,  a  change  Is  noted  in  the  display  format.  With 

conversion  to  the  IBM/AT  microcomputer  we  began  using  Macmillan  Software 
Company's  "ASYST"  acquisition,  analysis,  and  graphics  package  of 
software  routines  which  allowed  additional  data  manipulation  and 
presentation  options. 
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there  Is  only  noise  background.  No  features  associated  with  the  boron 
dopant  are  discernable.  In  this  spectra,  each  of  the  306  data  points 
taken  every  1.8  cm-l  represent  the  scattered  photon  count  per  4000 
Incident  laser  pulses. 

In  the  early  part  of  this  RIP  program  liquid  helium  was  not 

available,  so  much  of  the  experimental  system  check  out  while  it  was 

being  converted  to  an  Infrared  system  was  done  taking  data  from  samples 
at  77K.  Figure  4  shows  a  Raman  spectra  from  a  boron  doped  silicon 

sample  at  77K.  In  this  experiment  the  Raman  scattered  light  is 
collected  and  detected  at  90  degrees  to  the  incident  IR  laser  beam  which 
was  at  1064  nm  (1.165  eV  or  9398  cm-1).  Again,  the  main  feature  is  the 

LO  phonon  peak  at  523  cm-1  shift  from  the  laser  energy.  Note  that  the 

Raman  spectra  is  plotted  as  energy  shift  from  the  laser  and  is 

independent  of  the  absolute  value  of  the  laser  energy  used  in  the 

experiment.  The  characteristic  energy  losses  in  the  interactions  with 
the  sample  are  the  parameters  sought  and  observed  in  Raman  scattering 

experiments.  The  broad  ''background”  on  this  figure  is  fluorescence  from 
just  below  band  gap  energy  in  silicon.  Excitation  of  fluorescence  is 
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dependent  on  the  Laser  energy  used.  The  exciting  photon  energy  oust  be 
greater  than  band  gap  energy  in  the  material.  The  fluorescence  occurs 
at  absolute  energy  values  just  below  band  gap  energy  with  wavelengths 
just  longer  than  the  wavelength  of  the  band  gap  radiation.  If  that 

energy  of  this  fluorescence  happens  to  be  in  the  same  absolute 

wavenumber  region  as  the  energy  shift  of  the  Raman  scattered  light  from 
the  incident  laser  energy,  then  both  are  detected  by  the  spectrometer 
and  superimposed  on  the  observed  Raman  spectrum. 

As  Figure  5  indicates,  the  energy  of  incident  1064  ran  laser 

photons  is  slightly  above  the  band  gap  energy  of  silicon,  which  changes 
from  about  1.12  eV  at  room  temperature  to  about  1.16  eV  at  cryogenic 

temperatures.  Since  these  1064  nm  excitation  photons  are  above  band  gap 
energy  of  silicon  at  77K,  recombination  emission  or  fluorescence  at 
energies  just  below  band  gap  energy  would  be  expected  from  the  silicon. 


Figure  5.  Band  Gap  Energy  in  Silicon  vs  Temperature. 


Thus  in  figure  4,  emissions  at  energies  from  about  1.09  eV  (near 
8800  cm-1)  to  1.14  eV  (near  9200  cm-1)  would  show  up  at  600  cm-1  to  200 
cm-1  on  the  energy  shift  spectrum  where  zero  represents  the  1.165  eV 
(9398  cm-1)  of  the  incident  laser  photons.  Even  though  the  pulsed  laser 
Raman  system  used  here  discriminates  against  fluorescence  that  occurs  in 
time  after  the  detection  electronics  have  been  turned  off,  that  which 
occurs  during  the  first  2u0  nanoseconds  after  the  incident  laser  photon 
is  detected  by  the  system.  In  figure  3  or.  the  other  hand  this 
fluorescence  was  not  observed  superimposed  on  the  Raman  energy-shift 
spectra  because  the  600  cm-1  range  over  which  the  spectrometer  was  swept 
is  in  the  region  18200  cm-1  (2.25  eV  and  550  nm)  to  18797  cm-1  (2.33  eV 
and  532  nm).  The  near  band  gap  fluorescence  in  silicon  in  still  the 
vicinity  of  9000  cm-l  (near  1.12  eV  and  1110  nm)  even  though  it  may  be 
excited  by  photons  with  twice  that  energy. 

In  order  to  probe  t  .e  volume  of  the  silicon  crystals,  IR  laser 
radiation  for  which  cne  absorption  coefficient  is  low  is  necessary.  The 
10b-*  nm  radiation  from  NdYAG  is  acceptable,  but  an  even  longer 
wavelength  laser  such  is  the  1074  nm  line  also  available  from  NdYAG  when 
the  laser  cavity  contains  a  tuning  prism  is  an  even  better  choice.  This 
1 0 7 -*  nm  line  has  an  energy  of  1.154  eV  which  is  below  the  band  gap 
energy  of  high  quality  single  crystal  silicon  at  cryogenic  temperatures, 
and  snould  excite  little  fluorescence  noise  in  the  spectra.  Other  lines 
such  at  the  laser  lines  at  1116  nm  and  1123  nm  would  perhaps  be  even 
better  from  the  point  of  view  avoiding  fluorescence.  On  the  ocher  hand, 
going  to  longer  wavelengths  means  that  photomultiplier  sensitivity  is 
decreasing  and  overall  detection  efficiency  is  reduced.  Also,  the 
characteristics  cf  the  Q-switched  laser  cavity  are  different  for  these 
longer  wavelengths.  Instead  of  8  to  10  pulses  during  each  burst  which 
occurs  at  1064  and  1074  nm  operation,  only  1  or  2  pulses  are  available 
per  burst  when  the  laser  is  operated  at  1116  nm  or  1123  nm.  This  means 
chat  the  time  necessary  to  collect  data  from  several  thousand  input 
pulses  at  each  spectrometer  setting  is  increased  significantly.  The  use 
of  the  1074  nm  line  seems  a  good  comprioise  for  Raman  investigations  in 
low  temperature  silicon,  although  some  data  has  been  collected  at  all 
the  above  mentioned  laser  wavelengths. 


An  important  feature  of  our  gated  Raman  system  with  a  pulsed  laser 
Is  the  effect  of  an  Increase  in  the  number  of  incident  laser  pulses  used 
at  each  spectrometer  setting.  Since  the  electronics  of  the  detection 
system  are  gated  "ON"  only  during  the  200  nanoseconds  or  so  that  the 
Laser  pulse  exists  and  is  "OFF"  while  it  waits  for  the  next  laser  pulse, 
the  signal  to  noise  ratio  is  Increased  by  using  more  laser  pulses  at 
each  setting.  Noise  is  random  in  time,  but  signal  can  only  occur  only 
when  an  incident  laser  pulse  exists.  Figure  6  shows  the  spectrum  at  77K 
of  a  silicon  sample  using  1000  pulses  of  1074  nm  laser  light  at  each 
spectrometer  setting.  With  the  1074  nm  laser,  near  band  gap 
fluorescence  is  much  reduced  by  comparison  to  the  case  when  1064  nm 
light  was  used  ("figure  4).  Again  the  only  feature  in  the  Raman  spectum 
is  the  LO  phonon  peak  at  523  cm-1  from  the  laser  energy.  Figure  7a 
shows  the  Raman  spectra  of  this  same  crystal  at  the  same  temperature  and 
same  collection  geometry,  but  in  this  case  10,000  pulses  of  incident 
laser  light  were  used  at  each  spectrometer  setting.  The  ratio  of  Raman 
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Figure  6.  Raman  Spectra  of  Si;B  ;  77K  ;  1000  Laser  Pulses  1074  u. 
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counts  per  Laser  pulse  In  the  region  of  300  cm-1  to  400  cm-1  le  observed 
to  be  about  0.10  In  both  cases  (about  100/1000  In  figure  6  and 
1000/10,000  in  figure  7).  However  the  curve  of  figure  7a  is  tmich 
‘‘smoother’’.  If  this  SAME  digital  recorded  data  used  to  plot  figure  7a 
is  replocced  as  in  figure  7b,  the  reported  electronic  Raman  active 
interaction  with  boron  acceptor  impurities  in  silicon  at  184  cm-1  is 
marginally  observed  above  the  fluorescence  background  noise. 

Figure  8  shows  two  different  runs  of  this  same  boron  doped  silicon 
crystal  using  40,000  incident  1074  nm  laser  pulses.  The  step  size  of 
the  wavenumber  movement  between  spectrometer  settings  is  different  in 
the  two  spectra,  but  they  both  clearly  Indicate  the  existence  of  a  Raman 
"line"  near  184  cm-1  that  can  be  the  electronic  Raman  scattering  from 
boron  acceptor  impurities. 
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Figure  8.  Raman  Spectra  of  Si;B  ;  77K  ;  40,000  Pulses  at  1074  nm. 


The  spectra  in  the  region  of  the  suspected  boron  impurity  Raman 
line  when  20,000  incident  laser  pulses  were  used  at  each  setting  and 
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when  the  wavelength  of  the  laser  was  changed  to  1116  me  Is  shown  In 
figure  9.  At  this  longer  wavelength,  the  energy  of  the  incident  photons 
is  only  1.11  eV  and  is  below  band  gap  energy  even  though  the  temperature 
is  only  7 7K  (  ref.  figure  5).  Figure  10  shows  similar  Raman  spectra  for 
a  boron  doped  silicon  crystal  at  77K,  but  in  this  experiment  4000 
incident  laser  pulses  at  1123  nm  (1.10  eV)  were  employed  at  each 
spectrometer  setting.  Again  the  line  at  184  cm-1  is  observed  in  a 
region  with  almost  no  fluorescence  noise  background.  In  all  the  above 
Raman  scattering  experiments  of  boron  doped  silicon,  the  interaction  Is 
very  weak  and  the  necessity  of  making  concerted  efforts  to  detect  small 
signal  levels  and  to  reduce  noise  is  clear. 

When  it  became  posible  to  purchase  liquid  helium  locally,  the  Raman 
spectra  of  this  same  boron  doped  sample  #1148  was  obtained  near  4K. 
Figure  11  shows  the  spectra  obtained  using  only  4000  incident  laser 
pulses  at  1074  nm.  Signal  to  noise  could  be  improved  with  more  incident 
laser  pulses  at  each  data  point,  but  it  was  not  necessary.  The  boron 
line"  at  184  cm-1  is  clearly  evident  with  the  sample  near  helium 
temperature.  Compare  this  spectra  in  figure  11  with  figures  6  and  7 
obtained  from  this  same  sample  at  77K. 

In  figure  12  this  same  sample  is  used  again  at  near  liquid  helium 
temperature  but  the  wavelength  of  the  incident  laser  pulses  was  changed 
by  attempting  to  adjust  the  inter-cavity  prism  of  the  laser  for  1064  nm 
operation.  The  Raman  spectra  is  plotted  as  energy  shift  from  the  energy 
of  those  1064  run  photons.  It.  is  evident  both  from  the  ”double"  LO 

phonon  peaks  at  323  cm-1  and  at  about  496  cm-1,  as  well  as  from  the 
"double"  laser-line  peaks  obtained  by  sweeping  the  spectrometer  through 
the  wavenumber  region  of  heavily  attenuated  Raliegh  scattered  laser 

light,  that  the  laser  was  operating  at  two  laser  wavelengths.  It  was 
producing  laser  pulses  both  at  1064  nm  (9398  cm-1)  and  at  1061  nm  (9425 
cm-l)  which  shows  up  at  -27  cm-1  on  the  scale  where  9398  cm-1  is  set  as 
the  "zero"  energy  shift.  The  "boron  line"  likewise  shows  at  the 

expected  184  cm-1  shift  from  the  1064  nm  laser  line,  but  also  at  27  cm-1 

from  this  location  on  this  scale  which  is  184  cm-1  from  the  other  laser 
line  at  1061  nm.  A  little  bit  of  fluorescence  noise  is  also  observed  in 
this  spectra  since  the  photon  energies  of  the  1064  and  1061  am  laser 
pulses  used  are  above  the  band  gap  energy  of  silicon. 
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IV.  RAMAN  SPECTRA  OF  S 1 ; B  SAMPLES  WITH  KNOWN  IMPURITIES 


A  set  of  three  silicon  samples  was  obtained  with  the  number 
density  of  the  Impurity  acceptors  "known"  from  previously  conducted  Hall 
effect  studies  on  other  samples  cut  from  the  same  silicon  crystal 
boules.  These  samples  were  boron  doped  in  the  melt  and  determined  to 
posess  2.4E15,  1.3E16,  and  I.6E17  acceptor  impurities  attributed  to 
boron.  "The  ratio  of  the  suspected  impurity  levels  is  roughly  0.2  to  1 

to  12,  so  similar  ratios  of  signal  levels  in  the  Raman  scattering  peaks 

attributed  to  the  boron  impurities  are  expected.  However,  it  must  be 
pointed  out  that  quantitative  comparisons  require  a  reasonable  amount  of 
data  manipulation  that  was  not  utilized  in  this  study.  The  variation  in 
integrated  laser  power  both  during  a  given  run,  and  from  one 
experimental  run  to  the  next  must  be  taken  into  consideration  before 

quantitative  comparisons  are  valid.  While  the  laser  was  used  in  a 

similar  mode  during  this  series  of  experiments,  it  was  not  maintained  at 
constant  operation  from  day  to  day  and  no  attempt  was  made  to  correct 
for  the  daily  variations  i  i  output  power.  The  laser  wavelength  was  kept 
at  1074  nra  for  this  series. 

Figure  13  shows  the  spectra  from  the  S 1 ; B  sample  with  1.3EI6  boron 
impurities  with  the  sample  at  77K;  figure  1 3a  used  1000  pulses  per  data 
point  while  figure  13b  shows  the  spectra  with  10,000  laser  pulses  per 
spectrometer  setting.  The  "boron  line"  at  184  cm-1  is  barely  above  the 
noise  level  in  13a  but  clearly  seen  in  13b  where  the  signal  to  noise 
ratio  improvement  associated  with  increased  data  is  observed.  Figure  14 
shows  this  same  sample,  but  with  the  sample  temperature  lowered  to  near 
4K  with  liquid  he.ium.  Note  that  the  signal  due  to  electronic  Raman 
scattering  from  the  boron  acceptor  at  184  cm-1  may  have  increased 
slightly,  but  the  significant  improvement  in  the  spectra  at  4K  is  due  to 
a  reduction  of  the  background  (which  was  likely  fluorescence  at  77K). 
Figure  14a  used  2000  pulses  per  data  point  while  figure  14b  utilized 
10,000  pulses  per  spectrometer  setting. 

The  "stray  peak"  that  shows  up  at  436  cm-1  on  the  scale  of  figure 
14a  is  actually  an  LO  phonon  peak  that  is  shifted  by  523  cm-1  from 
incident  1064  nm  laser  light  which  was  also  present. 
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Si;  B  (2.4E15)  #1741 
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RAMAN  SHIFT  (1/cm) 

Figure  15.  Raman  Speccra  of  Si;B  (2.4E15);  77K  ;  1000  Pulses 

Using  the  sample  with  only  2.4E15  impurities,  weaker  Raman  signal 
was  expected.  Figure  15  shows  the  spectrum  taken  with  the  sample  at 
77K.  With  only  1000  pulses  per  data  point,  the  signal  to  noise  is  such 
that  no  signal  is  apparent.  Cooling  the  sample  with  liquid  helium 
yielded  the  spectra  of  figure  16.  In  figure  16a  the  2000  laser  pulses 
were  used,  while  in  figure  16b  10,000  incident  laser  pulses  were 
utilized  for  each  data  point.  A  comparison  of  the  counts/pulse  ratio  of 
peaks  on  figures  16a  with  14a  (also  of  figure  16b  with  14b)  shows  the 
correct  trend  in  signal  sizes  but  not  the  factor  of  5  that  the  "known" 
impurity  levels  exibit.  The  order  of  magnitude  is  correct,  but 
quantitative  comparison  is  actually  not  valid  without  proper 
normalization  for  laser  power  between  runs. 

The  sample  with  1.6E17  toron  acceptor  impurities  shows  a  very 
strong  Raman  peak  at  184  cm-1  from  the  1074  nm  laser  line  in  figure  17a. 
The  sample  was  at  4K  and  2000  laser  pulses  per  spectrometer  setting  were 
used.  The  "stray  peak'  at  436  cm-1  on  this  scale  is  again  an  LO  phonon 
peak  which  is  actually  523  cm-1  from  some  1064  am  laser  light  that  is 
also  present  in  the  beam.  Using  4000  laser  pulses  per  data  point,  figure 
17b  shows  the  shape  of  the  184  cm-1  "boron  line”  in  some  detail. 
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V.  RAMAN  SPECTRA  OF  OTHER  GROUP  II LA  ELEMENTS  IN  SILICON 


The  first  goal  of  this  effort  was  to  set  up  an  experimental 
facility  chat  was  capable  of  reliable  Raman  scattering  studies  In 
silicon.  The  second  goal  was  to  conduct  a  series  of  experiments  using 
boron  doped  silicon  samples  that  would  clearly  show  that  the  Raman  line 
reported  in  the  literature  to  exist  near  184  cm-1  and  reported  to  be  an 
electronic  Raman  interaction  was  indeed  associated  with  the  boron 
acceptor  impurity.  If  the  first  two  were  successful,  then  it  was 
reasonable  to  proceed  toward  a  third  and  the  most  scientifically 
meaningful  goal  which  was  to  conduct  a  careful  search  for  similar  Raman 
active  electronic  transitions  in  silicon  samples  doped  with  the  other 
group  1ILA  elements,  aluminum,  gallium,  indium,  and  thallum. 

The  experience  with  boron  doped  samples  suggests  that  the  search 
is  essentially  doomed  unless  conducted  at  helium  temperatures  and  with 
samples  that  are  known  to  contain  a  reasonably  high  concentration  of  the 
impurity  dopant.  Comparison  of  7  7K.  and  4K  data  on  the  same  samples 
(Figures  13  and  14  for  example)  suggests  that  these  very  weak  Raman 
signals  don't  get  too  much  stronger  at  4K  but  that  the  "fluorescence 
noise"  level  is  significantly  reduced,  and  signal  to  noise  ratios  are 
improved  when  the  samples  are  held  near  helium  temperature.  This  series 
with  boron  doped  samples  also  demonstrates  how  hard  one  needs  to  work 
experimentally  (use  a  high  number  of  incident  Laser  pulses  at  each 
specrometer  setting,  make  long  experimental  runs  during  which  all  must 
remain  stable,  etc.)  when  the  dopant  level  is  low  such  as  2.4E15  boron 
acceptors,  and  how  much  easier  it  was  to  observe  the  Raman  active 
interaction  with  1.6E17  boron  acceptors. 

Several  attempts  were  made  to  observe  Raman  interactions  in 
silicon  samples  doped  with  the  other  group  IIIA  impurities,  but  no 

careful  study  was  yet  made.  A  sample  reported  to  have  aluminum  impurity 
but  of  unknown  level  was  examined  at  near  4K.  In  a  "quick"  survey  run 
of  2000  pulses  per  specrometer  setting,  only  the  LO  phonon  was 

discernable  in  the  spectra.  A  similar  quick  survey  run  using  a  silicon 
sample  reported  to  contain  galium  of  unknown  impurity  level  did  not 

yield  an  interpretable  spectra  because  the  sample  was  warming  from  50K 
to  130K  during  the  run;  liquid  helium  was  empty  and  fluorescence 
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increased  ee  ehe  temperature  rose.  Another  sample  reported  to  be 
double-doped  with  boron  and  thaliua  gave  uncertain  results.  In 
experimental  runs  both  at  20R  and  again  in  another  experiaental  run  at 
77K,  a  peak  shove  in  the  Raaan  spectra  at  about  an  83  ca-1  shift  froa 
the  1074  an  laser  line.  A  later  atteapt  to  repeat  this  data  on  the  saae 
sample  at  77K  did  not  show  this  peak.  These  preliminary  experiments  are 
Inconclusive  to  say  the  least. 

The  question  of  Raaan  active  interactions  with  p-type  Impurities 
of  the  group  II1A  elements,  other  than  boron,  remains  open.  The  next 
step  is  obviously  to  do  careful  Raman  scattering  studies  near  liquid 
helium  temperature  with  in  IR  laser  on  a  series  of  samples  that  have 
been  previously  well  characterized  by  Hall  effect  data.  An  attempt  is 
underway  to  accumulate  such  a  series  of  samples. 
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The  control  of  grain  size,  grain  shape  and  uniformity  in  order 
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to  avoid  the  formation  of  mixed  grain  size  structure  during  primary 
processing  from  the  ingot  can  be  of  great  importance  for  further 
thermomechanical  processing  and  for  optimizing  of  final  mechanical 
propert ies . 

It  has  been  shown  that  this  control  can  be  achieved  by 
processing  through  a  certain  temperature  range  termed  the 
"processing  window".  The  objective  of  the  present  work  was  to 
follow  the  effect  of  hot  deformation,  post  deformation  heat 
treatment  and  initial  ingot  grain  shape  (equiaxed  or  columnar)  and 
size  on  the  development  of  mixed  grain  structure  in  the  metaatable 
beta  Ti-15V-3Al-3Cr-3Sn  alloy.  This  is,  to  determine  whether  a 
"processing  window”  exists,  that  will  allow  the  determination  of 
the  hot  working  parameters  for  this  alloy,  to  produce  a  fine, 
uniform  equiaxed  grain  material.  Forging  blanks  taken  from 
different  locations  along  the  cast  ingot  (fully  equiaxed,  fully 
columnar,  and  mixed  grain  structure)  were  forged  to  different  total 
reduction  of  48%  and  65%  at  temperatures  ranging  between  790° C 
(1450°F)  to  1365°C  (2500°F).  Following  deformation,  the  test 
specimens  were  annealed  under  vacuum  at  temperatures  ranging  from 
870°C  (1600°F)  to  1255° C  (2300° F)  for  1  hour.  Specimens 
were  then  oil  quenched  so  that  progress  of  static  recrystallization 
could  be  followed.  It  was  found  that  the  appearance  of  the  mixed 


grain  size  structure  is  associated  with  recrystal lizat ion/grain 


growth  behavior  at  high  temperatures.  The  "processing  window"  for 


JJ 


material  with  original  elongated  (columnar)  grains  forged  to  a  48* 
reduction  was  observed  to  extend  to  a  higher  processing  temperature 
with  minimum  processing  temperature  of  1145°C  (2100° F)  and 
higher  annealing  temperature  of  1090°C  (2000° F)  in  comparison 
to  the  "processing  window"  for  material  contains  the  same  original 
grains  shape  forged  65*  reduction.  Less  pronounced  "processing 
window"  was  observed  in  material  with  original  equiaxed  grains. 
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I.  INTRODUCTION 


Because  of  the  interplay  between  recrystallization  and  grain 
growth,  processing  of  beta  titanium  alloys  can  lead  to  the 
formation  of  a  mixed  grain  size  structure  containing  large  and 
small  grains  [1].  The  mixed  grain  size  structure  is  undesirable 
and  contributes  to  poor  high  temperature  flow,  and  inferior  room 
temperature  properties.  Once  introduced,  it  is  impossible  to 
remove  the  mixed  grain  size  structure  by  heat  treatment  alone,  so 
that  further  processing  is  needed  to  uniformly  refine  the 
microstructure  [1]. 

Mixed  grain  structures  were  found  after  either  cold  or  warm 
working  (below  885°C  [1575°F])  the  metastable  beta  titanium 

alloys,  Ti-10Mo-6Cr-2.5Al  and  Ti-10Mo-8V-2. 5A1  and  annealing  at 
980°C  (1800°F).  This  microstructure  is  a  result  of  selective 

recrystallization  in  the  finer  grains,  with  the  driving  force  for 
gran  growth  rapidly  decreasing  because  of  the  competition  from 
recovery,  resulting  in  a  mixed  grain  size  [1].  Similar  results 
were  observed  in  Ti-10V-2Al-3Fe  alloy  processed  below  950°C  and 
subsequent  annealed  below  1150°C  [2]. 

Studies  of  the  austenite  microstructure  during  hot  rolling  of 
steels  reveals  that  under  the  conditions  where  partial 
recrystallization  occurs  in  the  transition  temperature  range  from 
recrystallization  to  non-recrystallization,  the  mixed  grain 
structure  is  produced  by  preferential  recrystallization  at 

austenite  grain  boundaries,  the  grain  interior  being  left 
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unrecrystal lized  [3].  In  addition,  when  coarse  austenite  grains 
are  growing  rapidly  after  recrystallization,  as  a  result  of  light 
deformation  passes,  a  mixed  grain  structure  also  develops  [4,5]. 

The  purpose  of  this  study  was  to  examine  the  effect  of  hot 
deformation,  post  deformation  heat  treatment,  solute  concentration 
level,  and  initial  ingot  grain  shape  (columnar  or  equiaxed)  and 
size  on  the  development  of  mixed  grain  structure  in 
Ti-15V-3Al-3Cr-3Sn  alloy.  This  is,  to  determine  whether  a 
"processing  window"  exists,  that  will  alow  the  determination  of  the 
processing  parameters  for  this  alloy  to  produce  a  fine,  uniform 
equiaxed  grain  material.  This  in  turn  will  allow  achievement  of 
good  cold  formability  conditions. 

MATERIALS  AND  EXPERIMENTAL  PROCEDURE 

Forging  specimens  (37.5mm  diameter  x  50mm)  were  taken  from 
750mm  cast  ingot  with  a  nominal  composition  of  Ti-15V-3Al-3Cr-3Sn. 
These  were  hot  die  forged  to  total  reduction  of  48*  and  65*  at 
temperatures  between  790°C  (1450°F)  and  1365°C  (2500° F).  A 
50  ton  hydraulic  press  was  used  at  a  ram  speed  of  1.25  cm/min. 
Deformed  specimens  were  polished  and  macro  etched  in  Kroll’s 
solution  to  groove  the  deformed  grain  boundaries.  The  etched 
specimens  were  then  vacuum  annealed  for  1  hour  at  temperatures 
between  870°C  (1600°F)  and  1255°C  (2300° F).  Following  oil 
quenching  the  polished  surface  of  the  annealed  specimens 
simultaneously  shows  the  prior  deformed  boundaries  ("ghost 
boundaries")  and  the  position  of  the  newly  recrvstal lized  grains 
(thermally  etched)  [6]. 
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RBSULTS  AND  DISCUSSION 


Effect  of  Processing  and  Annealing  Temperatures 


Figures  1  and  2  show  the  effect  of  processing  and  annealing 
temperatures  on  the  microstructure  of  specimens  containing  original 
elongated  (columnar)  grains  and  forged  48%  and  65%  reduction. 
Samples  with  elongated  grains  forged  to  a  total  reduction  of  48%  at 
1145°C  (2100° F)  were  found  to  require  the  lowest  annealing 
temperature  of  1090°C  (2000° F)  to  produce  a  fully 
recrystallized  microstructure.  These  samples  have  higher  driving 
force  for  recrystallization  and  grain  growth  in  comparison  with 
specimens  forged  above  or  below  1145°C  (2100°F).  Specimens 
with  an  initial  elongated  grain  structure  forged  to  65%  reduction 
at  1090° C  (2000°F)  were  found  to  require  a  lower  annealing 
temperature  of  1035°C  (1900°F)  to  produce  a  fully 
recrystallized  structure  than  samples  processed  at  1365°C 
(2500° F)  and  790°C  (1450°F).  The  processing  and  annealing 
temperatures  of  1145°C  (21007 F)  and  1090°C  (2000° F)  define 
a  "processing  window"  for  which  a  uniform  recrystallized  structure 
results.  These  observations  can  be  explained  in  terms  of  the  way 
elongated  grains  deform  and  the  driving  force  for  recrystallization 
and  growth  during  annealing.  Similar  results  are  obtained  for 
specimens  forged  to  65%  reduction.  The  "processing  window"  was 
found  to  shift  to  lower  forging  temperatures,  with  the  minimum 
occurring  at  an  annealing  temperature  of  1035°C  (1900°F)  and  a 
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processing  temperature  of  1090«C  (2000° F)  as  shown  in  Fig.  2. 

The  shift  of  the  "processing  window"  is  attributed  to  an  increase 
in  driving  force  for  recrystallization  and  growth  when  forged  to  a 
total  reduction  of  65*  Fig.  3. 

Figures  4  and  5  show  the  effect  of  processing  and  annealing 
temperatures  on  microstructure  of  specimens  with  original  equiaxed 
grain  structure  forged  48*  and  65*  reduction.  Samples  forged  at 


temperatures 


ranging  between  790°  C  (1450°F)  and  1090<>C 


(2000° F)  require  the  same  annealing  temperature  of  1035°C 


( 19000 F)  to  produce  a  fully  recrystallized  microstructure. 


However,  a  slightly  higher  annealing  temperature  of  1090°C 


( 2000°  F)  is  required  for  material  forged  above  1090°C 


( 2000°  F)  in  order  to  produce  similar  structure.  Processing 


temperatures  between  790°C  (1450°F)  and  1090°C  (2000°F)  and 


annealing  temperature  of  1035OC  (1900®F)  define  a  less 


pronounce  "processing  window"  for  which  a  uniform  recrystallized 


microstructure  results.  These  observations  can  be  rationalized  in 


terms  of  the  way  equiaxed  grains  deform  and  the  response  of  the 


deform  material  to  the  annealing  process.  Similar  results  are 


observed  for  material  with  equiaxed  grain  structure  forged  to  65* 


reduction.  the  ’’processing  window"  was  found  to  shift  to  lower 


annealing  temperatures  with  the  minimum  occurring  at  980°C 


(1800°F)  as  shown  in  Fig.  6.  The  displacement  of  the  "processing 


window"  to  lower  annealing  temperature  is  a  result  of  higher 


driving  force  for  recrystallization  and  growth  in  specimens  forged 


to  65*  reduction. 
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Effect  of  Initial  Grain  Shape 
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In  earlier  study  it  was  found  that  the  "processing  window”  is 
affected  by  the  original  shape  of  the  ingot  grains  in  addition  to 
the  processing  and  annealing  temperatures  [2].  Figures  7  and  8 
show  the  combined  effect  of  original  grains  shpae,  annealing  and 
processing  temperatures  on  the  microstructure  of  samples  forged  48* 
reduction.  Samples  with  original  equiaxed  grains  require  lower 
annealing  temperatures  than  specimens  with  original  elongated 
grains  to  produce  fully  recrystal lized  structure.  This  result  can 
be  attributed  to  more  uniform  deformation  in  equiaxed  grains  as 
well  as  an  increase  in  driving  force  for  recrystallization  and 
grain  growth  during  annealing.  Similar  results  are  observed  in 
material  forged  65*  reduction.  Relatively  lower  annealing 
temperatures  are  observed  when  compared  to  specimens  forged  48* 
reduction,  the  result  of  higher  driving  force  for  recrystallization 
during  annealing. 


Effect  of  Solute  Level 

Figure  9  displays  the  combined  effect  of  solute  level, 
annealing  and  processing  temperatures  on  the  microstructure  of 


specimens  with  original  elongated  grains  forged  65*  reduction. 
Lower  annealing  and  processing  temperatures  are  detected  for 
Ti-15-3-3-3  (15-3)  alloy  than  for  Ti-10-2-3  alloy  in  order  to 
produce  fully  recrystallized  structure.  The  higher  solute  content 


in  Ti- 15-3-3-3  alloy  (24  wt*  compared  to  15*  )  affects  the  way 
elongated  grains  defora  resulting  in  a  different  dislocation 
substructure  and  higher  driving  force  for  recrystallization  during 
annealing. 


REFERENCES 


1.  F.H.  Froes,  C.F.  Yolton,  J.P.  Hirth,  R.  Ondercin  and  D. 


Moracz,  "Proceedings  of  the  Beta  and  Near-Beta  Alloys 


Symposium,"  TMS-AIME,  Atlanta,  GA,  March  (1983). 


2.  I.  Weiss  and  F.H.  Froes,  Proceedings  of  the  5th  International 


Conference  on  Titanium,  Munich  West  Germany  (1985). 


3.  J.D.  Jones  and  A.B.  Rothwell,  "Deformation  Under  Hot  Working 


Conditions,”  Iron  and  Steel  Inst.  Publication  108,  Iron  and 


Steel  Inst.,  London  (1968). 


4.  A.  Le  Bon  and  L.N.  De  Saint-Martin,  "Microalloying  75," 


International  Symposium  on  High-Strength,  Low  Alloy  Steel, 


Union  Carbide  Corp. ,  New  York,  NY,  (1977). 


5.  L.J.  Cuddy,  Met.  Trans.,  12A,  (1981),  p.  1313. 


6.  I.  Weiss,  F.H.  Froes  and  D.  Eylon,  Met  Trans.,  A,  1493, 


(1984). 


42.10 


•  >  *  »* 

,  .  .  « k  -  ,•  *  * 


nun  wrrm*  ■  fs  w'"  v  w  m  w  ■ 


Original 
Grain  Shape 

1300 


EL 

i 


EL  EL  EL 

I  l  I 

Processing  Temperature,  #F 


1500 


1700 


1900 


2100 


2300 


EL 

1 

2500 


ii- 1 5 v-3Ai-3Cr-3Sn  Processing  Temperature,  °C 

48%  Reduction 

■  Fun  Recrystafaatton 
o  Partial  Recrystalzatton 
&  No  RecrystaSzation 


Figure  1 
42.11 


*  »  *.J>  ’ 


.r.V.r  .y.  - 


'  v 


c.  a.  /.ni  a  ■ 


or 

2 

8. 

i 


f 


8 

5 


Annealing  Temperature, °C 


Grain  Shape 


Processing  Temperature  °F 


1300  1500  1700  1900  2100  2300  2500 


<D 

3 

CO 


Ti-15V-3AI-3Cr-3Sn 
65%  Reduction 


Processing  Temperature,°C 

■  Ful  RecrystafcaOon 
C  Partial  Recrystaization 
a  No  Racrystaization 


Figure  2 
42.12 


vviw  v,y.:>.v -.Vi 


» 


Grain  Shape 


Processing  Temperature,*? 


'•rrr 


Grain  Shape 


Processing 


Temperature, ®F 


Annealing  Temperature.°C 


Processing  Temperature,  °F 


1300  1500  1700  1000  2100 


Processing  Temperature, ®C 


jr«r 


THE  IMPACT  OF  EXPERT  SYSTEMS  ON  PERFORMANCE  AND 
COGNITIVE  STRATEGIES  IN  DIAGNOSTIC  INFERENCE 


CONTRACT  FINAL  REPORT 


Sallie  E.  Gordon 
Department  of  Psychology 
University  of  Idaho 


January  1986 


Sponsored  by: 

Air  Force  Office  of  Scientific  Research 
Contract  Number:  F49620-82-C-0035 
Air  Force  Contact:  Rosemarie  J.  Preidis 

Human  Resources  Laboratory 


Conducted  by: 

Southeastern  Center  for  Electrical 
Engineering  Education 


1.  SUMMARY 


1.1  Objectives 

This  report  covers  a  one-year  preliminary  program  of 
research  directed  toward  assessing  the  impact  of  expert  computer¬ 
aiding  systems  on  the  human  operator,  in  particular,  when  the 
task  is  that  of  "sequential  diagnostic  inference".  The 
objectives  of  the  program  included  (1)  development  of  a  labora¬ 
tory  task  that  had  the  characteristics  of  real-world  sequential 
diagnostic  inference  tasks  (such  as  medical  diagnosis,  radar 
identification,  etc.),  (2)  assessment  of  methods  to  describe 
a^d/or  quantify  the  process  or  "strategy"  being  used  by  the 
ope-rator  in  the  absence  of  an  expert-aid  system,  (3)  empirically 
specify  situational  characteristics  affecting  the  performance  of 
the  operator  (without  an  expert-aid),  and  (4)  define  and  assess 
some  of  the  variables  which  determine  the  operator's  acceptance 
and  use  of  a  computer-aiding  system. 


1.2  Technical  Approach 

These  objectives  were  met  by  development  of  a  laboratory 
task  involving  sequential  diagnostic  inference,  and  then  using 
that  tasx  to  experimentally  assess  variables  affecting  human 
performance  on  the  task,  and  human  use  and  acceptance  of  an 
expert-aiding  system. 

The  laboratory  task  developed  was  that  of  inferring  the 
nature  of  an  animal,  given  some  set  of  attributes  describing  the 
animal.  The  task  was  presented  on  a  micro-computer,  with 
attributes  given  on  the  display  and  subjects  requesting  more 
information  (attributes)  as  they  desired.  The  subjects  requested 
information  until  they  felt  comfortable  making  a  guess,  they  then 
entered  a  guess  and  confidence  rating. The  task  was  entirely 
automated  to  allow  recording  of  all  subject  "moves". 

Twenty-four  subjects  were  individually  run  on  the  computer, 
with  no  help  from  an  expert-aid.  Each  performed  the  task  during 
three  different  sessions,  over  the  course  of  three  days. 
Performance  of  these  subjects  was  measured  as  a  function  of 
various  task  characteristics  (difficulty,  amount  of  information 
available,  etc.).  Twelve  of  the  subjects  were  asked  to  return 
and  performed  the  task  for  two  more  sessions  with  the  help  of  a 
computerized  expert-aid  (built  into  the  computer  on  which  they 
were  performing  the  task).  An  additional  12  subjects  with  no 
previous  experience  were  run  for  two  sessions  with  the  expert- 
aid. 

1.3  Pindings 

Several  dependent  variables  were  assessed  for  subjects  run 
under  both  Manual  and  Expert-aided  conditions.  These  included 
accuracy  (percent  correct),  time  to  perform  the  task,  certainty 
of  response,  and  number  of  attributes  requested  in  a  given 
trial. 
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First,  the  development  of  a  sequential  diagnostic  inference 
task  to  be  used  for  laboratory  research  was  highly  successful; 
the  task  was  intrinsically  interesting  for  subjects  and 
adequately  allows  task  and  expert  system  characteristics  to  be 
manipulated  for  complex  experimental  designs. 

Task  characteristics  which  were  varied  did,  for  the  most 
part,  affect  subjects'  performance  in  the  expected  direction. 
Difficulty  of  the  trial  was  best  manipulated  by  the  Diagnosticity  ’ 
of  the  cue  set;  this  variable  greatly  decreased  accuracy  and 
certainty,  and  increased  time  to  perform  the  trial  and  number  of 
attributes  requested. 

Performance  under  Expert-aid  conditions  was  generally  worse 
than  when  subjects  performed  the  task  on  their  own.  However, 
this  is  interpreted  to  be  a  function  of  the  particular  Expert 
system  utilized  in  the  study.  Although  the  Expert  was  programmed 
to  know  all  of  the  possible  causes  (animals)  and  their 
associated  characteristics,  it  was  not  given  information 
concerning  the  relative  probability  of  the  animals  (some  were 
common  and  some  were  rare) .  This  gave  the  subject  a  great 
advantage  over  the  Expert  System  on  those  trials  where  the 
attribute  information  given  did  not  allow  a  reduction  of 
alternatives  down  to  one.  The  impact  of  more  accurate  Expert 
Systems  is  currently  being  assessed. 

Finally,  an  analysis  of  subjects'  strategies  in  performing 
the  task  compared  data  obtained  from  Subjects  with  predictions 
based  on  five  alternative  strategies;  Half-Split,  Set  Reduction, 
Hypothesis  Testing,  Favorite  Attribute,  and  Random  Request.  The 
data  consistently  provided  support  for  the  Set  Reduction 
strategy,  with  indications  that  subjects  occasionally  leaned 
towards  the  more  cognitively  demanding  Half-Split  strategy  when 
the  characteristics  of  the  task  became  easy  enough. 

Overall,  the  research  project  was  considered  highly 
successful;  a  sequentual  diagnostic  inference  task  was  developed 
along  with  a  basic  Expert  System  which  can  easily  be  modified  for 
future  research,  and  data  was  collected  on  the  impact  of  one 
particular  type  of  Expert  System  on  both  performance  and 
cognitive  strategies  of  the  system  user. 
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2.  INTRODUCTION 


Computerized  automation  is  becoming  increasingly  prevalent 
in  a  wide  variety  of  positions  in  the  armed  services.  This  is 
especially  true  in  the  world  of  command,  control,  and 
communication  ( C 3)  where  much  of  the  work  involves  complex 
"diagnostic  inference".  Diagnostic  inference  refers  to  a  task 
where  a  person  has  informational  cues,  and  on  the  basis  of  those 
cues,  must  infer  the  nature  of  the  underlying  cause  or 
phenomenon.  As  technological  complexities  increase,  the  human 
operator  will  have  a  more  difficult  time  trying  to  understand, 
integrate,  and  utilize  the  information  made  available  to  him.  In 
contrast  to  man's  limited  cognitive  capacities  and  well- 
documented  biases  [1,2] ,  a  computer  can  utilize  and  aggregate 
large  volumes  of  information  using  pre-determined  optimal 
strategies.  It  is  no  longer  a  question  of  whether  computer 
aiding  will  be  used,  but  how  it  will  be  used. 

Just  as  there  are  problems  inherent  in  using  a  completely 
"manual"  system  to  perform  these  functions,  there  are  also  prob¬ 
lems  in  using  a  completely  "automated"  system.  These  problems 
have  been  discussed  in  length  elsewhere  [2,3],  but  let  it  suffice 
to  say  that  at  the  current  time  expert  systems  are  not  sufficiently 
advanced  to  make  automated  systems  infallible  or  able  to  deal 
with  the  multitude  of  unforeseen  occurrences  that  are  likely  in 
the  environment. 

Since  neither  human  nor  machine  are  solely  capable  of 
performing  situational  assessment  functions,  the  solution  lies 
in  using  both  together  and  relying  on  the  strengths  of  each.  To 
integrate  a  person  and  machine  successfully  for  a  given  task,  one 
must  understand  how  the  human  perceives  and  performs  the  task  and 
analyze  the  best  way  to  combine  man  and  machine. 

In  order  to  optimally  integrate  human  and  machine,  we  need 
more  information  concerning  two  vital  questions:  (1)  What  factors 
influence  the  optimal  performance  of  the  task  by  the  human  and  by 
the  automation  device?  and  (2)  What  factors  determine  operator 
acceptance  and  use  of  the  automated  system?  For  example,  if  the 
automation  is  extremely  different  from  or  incompatible  with  a 
person's  way  of  perceiving  and  accomplishing  the  task,  then  they 
may  be  less  likely  to  accept  and  use  the  automation. 

A  review  of  the  literature  reveals  that  there  is  a  large 
variety  of  computerized  aiding  systems  being  developed.  Several 
of  these  aiding  systems  are  specifically  designed  to  aid  in 
diagnostic  inference  types  of  tasks.  For  example,  the  PROSPECTOR 
[4,5]  system  helps  geologists  locate  mineral  deposits,  MYCIN 
[6,7]  and  CADUCEUS  [8]  are  systems  which  aid  in  medical  diagnosis, 
and  DENDRAL  and  META-DENDRAL  [9]  analyze  chemical  data  to  make 
inferences  about  the  structure  of  unknown  chemical  compounds. 
Although  these  systems  are  often  referred  to  as  "decision  aids", 
the  tasks  fit  into  our  definition  of  inference.  In  this  type  of 
system,  the  computer  has  a  large  data  base  of  known  facts  or 
expert  knowledge  which  is  utilized  when  a  new  situation  arises 


<1 


J* 
/ 
V 
.  V 


•r. 

m 

i 

* 

Ik 

r, 

r- 


i 

7, 


for  analysis.  The  characteristics  of  the  new  situation  are 
compared  with  the  data  base  and  an  "inference"  is  generated. 

Much  of  the  work  being  done  in  this  area  is  conducted  by 
computer  scientists  and  "knowledge  engineering"  experts  [10,11] ; 
this  work  involves  two  problems  in  expert  systems,  the  knowldge 
base  and  the  inference  mechanism.  Development  of  the  knowledge 
base  is  known  as  knowledge  engineering,  and  the  problem  is  how 
to  best  transfer  the  knowledge  that  experts  have  into  the  most 
usable  form  within  the  computer  data  base  [11,12].  A  second 
problem  involves  development  of  the  best  inference  mechanism  or 
"inference  engine".  A  variety  of  very  sophisticated  algorithms 
is  currently  under  development  [13] . 

Researchers  are  also  finally  becoming  aware  of  the  need  to 
study  the  human-computer  interface  with  a  focus  on  the  operator 
who  will  be  using  the  expert  systera[12,14,15,16] .  A  volume 
recently  edited  by  Salvendy  [34]  contains  numerous  papers  conc¬ 
erned  with  user  interface  and  acceptance  of  the  automated  system. 
Unfortunately,  much  of  this  work  is  concerned  with  the  literal 
human-computer  interface,  that  is,  the  language  used,  query 
system,  and  so  forth.  There  has  been  very  little  systematic 
research  on  the  question  of  how  the  human  and  machine  are  inter¬ 
facing  at  the  deeper  task  level  [for  exceptions  see  17,18,19]  . 

Some  researchers  have  considered  the  importance  of  doctor 
acceptance  of  the  new  diagnostic  aiding  systems  [14,15] . 

Shortliffe  [16]  provides  a  list  of  factors  that  may  influence  a 
physician's  decision  to  use  the  system;  he  has  also  suggested 
that  even  a  highly  reliable  system  may  face  difficulty  in  user 
acceptance  [20] . 

Finally,  Fitter  and  Cruikshank  [21]  obtained  video-tape 
data  for  3  physicians,  59  consultations  WITHOUT  a  computer  system 
and  93  consultations  WITH  the  system.  Although  the  researchers 
assessed  many  interesting  facets  of  the  human-computer  system, 
they  did  not  make  any  attempt  to  systematically  describe  or 
measure  the  inference  process  used  by  the  doctors  before  and 
after  implementation  of  the  system.  Their  only  comment  in  this 
regard  was  that  "the  doctors  appear  to  be  influenced  only  to  a 
minor  extent  by  the  feedback  of  disease  probabilities,  they  make 
very  little  use  of  feedback  during  the  consultation  but  tend  to 
check  it  against  their  own  judgment  at  the  end"  (page  252) . 

It  was  felt  that  empirically  derived  data  could  be  obtained 
to  address  the  question  of  how  the  implementation  of  an  expert 
system  affects  the  performance  of  the  human  operator.  A  pre¬ 
liminary  model  was  developed  of  the  characteristics  of  the  inter¬ 
action  between  the  human  and  the  expert  system.  This  model  is 
applicable  only  to  a  situation  where  the  human  is  completely  in 
control  of  the  task  and  uses  the  expert  system  as  an  aid,  and  is 
therefore  completely  free  to  consult  (or  not  consult)  the  system 
and  disregard  the  answer  given  by  the  expert  system. 

The  system  model  is  visually  presented  in  Figure  1,  with 
input  to  the  system  presented  on  the  left.  It  can  be  seen  that 
some  situational  variables  will  affect  only  the  human  operator's 
inference  process,  some  will  affect  both  human  and  expert  system, 
and  some  will  affect  the  operators  decision  to  accept  the  machine 
answer.  Certainly  there  are  other  variables  which  would  influence 
the  process  in  specific  task  domains,  however,  it  is  felt  that 
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the  variables  listed  represent  those  which  are  probably  characteristic 
of  most  diagnostic  inference  tasks.  Not  represented  here  are 
factors  that  will  be  unique  to  an  individual  at  the  time  of  each 
inference.  Primarily,  these  are  "cognitive  set"  variables, 
where  the  specific  information  or  attributes  received  will 
trigger  a  specific  case  in  the  history  of  the  operator  (maybe  a 
recent  or  very  common  one) .  This  is  a  process  internal  to  the 
operator  that  is  an  interaction  between  the  attribute  set  and  the 
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Figure  5.  Implementation  of  Computer-Aiding  System 
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history  of  the  particular  operator.  An  example  of  this  process 
would  be  a  doctor  seeing  a  patient  who  is  having  numbness  on  one 
side  of  the  body.  The  doctor  might  hypothesize  the  cause  as  a 
stroke  because  (a)  he  just  had  a  case  similar  to  this  yesterday, 
or  (b)  that  is  the  most  common  cause  of  the  symptom. 

Aside  from  this  analogical  mechanism,  we  might  expect 
that  to  some  degree,  the  operator  acts  in  a  rational  manner,  that 
is,  he  considers  attributes  and  searches  memory  for  causes  which 
have  matching  attributes.  To  the  extent  that  the  subject  is 
experienced  and  can  rely  on  that  memory,  he  will  have  confidence 
in  his  ability  to  draw  the  inference.  It  is  felt  that  the 
operator  will  know  when  he  is  definitely  certain  of  the  answer  or 
when  the  inference  is  tenuous.  Especially  in  the  latter  case, 
the  operator  will  consult  the  expert  system  for  advice.  Thus, 
characteristics  causing  the  human  to  rely  on  the  expert  include 
(1)  small  amounts  or  incomplete  information  available,  (2)  low 
informativeness  or  predictive  validity  of  the  attributes,  (3) 
time  stress,  (4)  perceptions  of  the  persons  ability,  (5)  per¬ 
ceptions  of  the  expert  system's  ability,  and  (6)  seriousness  of 
the  consequences  -  the  more  serious  the  consequence,  the  less 
likely  the  person  is  to  blindly  accept  the  answer  of  the  expert 
system. 

This  model  guided  the  experimental  design  of  the  research 
project.  A  laboratory  diagnostic  inference  task  was  developed  so 
that  most  of  the  input  variables  outlined  on  the  left  could  be 
manipulated  while  subjects  performed  the  task  unaided,  and  also 
while  they  were  given  the  option  of  consulting  an  expert  system. 


3.  EXPERIMENTAL  METHODOLOGY 
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3.1  Task  Characteristics 


The  task  developed  was  that  of  inferring  an  animal  on  the 
basis  of  a  set  of  characteristics  about  the  animal.  An 
interactive  program  was  written  in  Turbo  Pascal  for  subjects  to 
perform  the  task  on  an  IBM  personal  computer.  At  the  start  of  a 
trial,  subjects  were  given  an  attribute  describing  an  animal. 

They  were  then  allowed  to  ask  for  information  regarding  other 
attributes,  when  subjects  felt  comfortable  with  giving  a  guess, 
they  did  so  and  the  trial  ended.  Under  some  conditions,  the 
subjects  performed  the  task  by  themselves,  under  other  conditions 
subjects  were  given  the  opportunity  to  use  an  "expert"  built  into 
the  computer  on  which  they  were  working.  Before  describing 
the  task,  it  should  be  noted  that  much  thought  was  given  to  the 
decision  of  using  "existing"  knowledge  sets  involving  the  real 
world,  versus  developing  a  new  and  artificial  set  of  knowledge 
that  the  subjects  learn  before  performing  the  task.  After  pre¬ 
liminary  development  of  both  kinds  of  task,  it  was  decided  that 
giving  subjects  a  completely  random  and  arbitrary  knowledge  base, 
while  being  free  from  previous  subject  biases,  would  also  be 
unrealistic  and  could  easily  cause  cognitive  processing  different 
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from  that  found  in  most  real  life  tasks. 

In  order  to  dampen  the  effects  of  subjects'  knowledge  of 
animals  and/or  subject  biases,  they  were  "taught"  the 
characteristics  of  eight  animals  at  the  beginning  of  the  first 
session.  Each  animal  was  described  in  terms  of  six  attributes; 


1) 

2) 

3) 

4) 

5) 


6) 


Size  (Large  or  Small) 

Location  (whether  found  in  a  Tree  or  on  the  Ground) 

Speed  (Fast  or  Slow) 

(Brown  or  Gray) 

(whether  the  animal  makes  noise  when  traveling; 
Noise  or  No  Noise) 

Alarm  (a  chipmonk  sounds  Alarm  for  approaching  predators; 
Alarm  or  No  Alarm) . 


Color 

Noise 


The  attributes  taught  to  subjects  for  each  of  the  eight  animals 
are  listed  below: 


RABBIT 

GROUNDHOG 

SQUIRREL 

Small 

Small 

Small 

£ 

Ground 

Ground 

Tree 

Fast 

Slow 

Fast 

% 

Gray 

Brown 

Brown 

m 

No  Noise 

No  Noise 

Noise 

* 

No  Alarm 

No  Alarm 

No  Alarm 

*;• 

r;- 

DEER 

OWL 

HAWK 

> . 

Large 

Small 

Small 

■ 

Ground 

Tree 

Tree 

Fast 

Fast 

Fast 

Brown 

Gray 

Brown 

1 

No  Noise 

No  Noise 

No  Noise 

No  Alarm 

Alarm 

Alarm 

Si 

BEAR 

WOLF 

V 

*  _ 

Large 

Large 

Ground 

Ground 

£ 

Slow 

Fast 

Brown 

Gray 

Noise 

No  Noise 

V  . 

[• 

Alarm 

Alarm 

r 

In  the  following  sections,  the  inference  task  will  be 
described  in  detail.  The  research  was  conducted  in  two  phases, 
one  where  subjects  performed  the  task  under  manual  conditions  (no 
expert  system) ,  and  a  second  phase  where  subjects  performed  the 
same  task  and  had  the  option  of  consulting  an  expert.  Subjects 
in  the  second  phase  were  partly  subjects  from  phase  I  and  partly 
new  subjects.  Task  scenarios  for  each  of  the  two  phases  will  be 
described  separately. 
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3.1.1  Manual  Task  Scenario 

In  the  "manual"  condition,  subjects  performed  the  inference 
task  without  the  aid  of  an  expert  system.  This  was  the  first 
phase  of  experimentation,  and  was  primarily  designed  to  assess 
the  cognitive  processes  and  strategies  being  used  by  subjects. 

In  this  condition,  subjects  were  initially  given  one  attribute 
(i.e.,  the  animal  is  "small").  Then  subjects  were  asked  to 
provide  a  preliminary  guess  of  the  type  of  animal.  This  was 
simply  a  way  of  measuring  the  subjects'  hypothesis  at  this  point. 

Figure  2a  gives  an  example  of  the  display  screen  as  it  was 
first  presented  to  subjects.  It  can  be  seen  that  the  eight 
possible  answers  were  always  listed  at  the  top  of  the  screen. 

The  "trial"  was  simply  a  consecutive  running  number  that  informed 
subjects  of  the  trial  number  for  that  session.  The  "condition" 
variable  always  reads  either  "DAY"  or  "NIGHT".  Subjects  were 
told  that  if  it  was  daytime,  they  would  receive  more  information 
than  if  the  trial  occurred  during  the  night.  That  is,  for  some 
attribute  categories,  subjects  were  told  that  the  information 
was  "unknown"  (this  will  be  demonstrated  in  Table  2).  This  was 
the  principle  way  that  task  characteristics  were  varied  -  by 
varying  the  number  and  informativeness  of  the  attributes. 

Finally,  it  can  be  seen  that  the  attribute  first  given  to  this 
subject  was  "Small".  After  entering  the  subject's  first 
guess,  they  were  asked  to  give  a  certainty  rating  on  a  scale  of  1 
to  9,  with  1  =  not  at  all  certain  and  9  =  extremely  certain. 

Next,  subjects  were  given  a  choice  as  to  whether  they  wished  to 
acquire  more  information  or  go  on  to  the  next  trial.  If  they 
chose  to  continue,  subjects  were  then  allowed  to  ask  for  informa¬ 
tion  regarding  any  of  the  remaining  five  attributes.  As  they 
asked  for  the  information,  their  choices  and  the  time  to  perform 
the  choice  was  recorded.  They  were  always  required  to  give  a 
guess  and  certainty  rating  after  each  new  piece  of  information. 
The  format  of  the  question/  answer  interface  is  shown  in  Figure 
2b.  In  the  example  given,  the  subject  has  just  decided  to  ask 
about  the  animal  location.  Figure  2c  shows  the  screen  after  the 
subject  has  acquired  enough  information  to  make  a  final  guess. 
When  the  subject  has  made  their  final  guess,  they  press  "B" 
rather  than  "A"  to  signal  that  they  are  ready  to  go  on  to  the 
next  trial.  At  that  point,  they  are  informed  as  to  the  correct 
answer  for  that  trial  (see  Figure  2d). 


POSSIBLE  CHOICES 


RABBIT 

SQUIRREL 

GROUNDHOG 

HAWK 

TRIAL  t  I 

CONDITION  :  NIGHT 


CODE— ATTRIBUTES  s 

1 —  SIZE  :  Small 

2—  LOCATION  ; 

3—  SPEED  s 

4—  COLOR  j 

5—  NOISE  : 

6 —  ALARM  s 

GUESS:  type  the  FIRST  LETTER  of  the  animal. 


DEER 

WOLF 

BEAR 

OWL 


2a.  Initial  Oisplay  Screen 


BEAR 
OWL 

TRIAL  J  1 

CONDITION  J  NIGHT 


GROUNDHOG 

HAWK 


CODE- -ATTRIBUTES  J 


1- -SIZE 

2—  LOCATION 

3- -5PEED 

4- -COLOR 

5—  NOISE 

6 —  ALARM 


>  Small 

i 

: 

i 

t 


GUESS:  type  the  FIRST  LETTER  of  the  animal. 

R 

CONFIDENCE  RATING:  1  to  9, 

2 

CONTINUE  :  enter  *  A  *  NEXT  TRIAL:  enter  •  B  * 

A 

REQUEST  ANOTHER  ATTRIBUTE: 

ENTER  the  NUMBER  to  the  LEFT  of  the  ATTRIBUTE. 

2 


2b.  Oisplay  after  first  Attribute  Request 


figure  2.  Displays  for  Manual  Diagnostic  Inference 
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POSSIBLE  CHOICES 


DEER 
WOLF 
BEAR 
OWL 

TRIAL  :  1 
CONDITION  :  NIGHT 


RABBIT 

SQUIRREL 

GROUNDHOG 

BAWX 


CODE--ATTRIBUTES  s 


1  —  SIZE 

2- -LOCATION 

3 -  SPEED 

4- -COLOR 

5-  NOISE 

6 - -ALARM 


:  Small 

t  Unknown 

s  Grey 

>  Alarm 


GUESS:  type  the  FIRST  LETTER  of  the  animal. 


2c.  Display  after  Three  Attributes  Requested 


Your  final  answer  was  Owl 
The  correct  answer  is  Owl 

PRESS  ACT  KEY  TO  CONTINUE  TRIALS 


2d.  Final  Display  Screen 
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3.1.2  Expert-Aid  Task  Scenario 


In  the  "Expert-aid*  condition,  subjects  performed  basically 
the  same  task  as  in  the  manual  condition,  however,  they  were 
allowed  to  ask  an  "expert"  for  help.  This  expert  was  built  into 
the  computer  system  (an  integral  part  of  the  task  program),  and 
required  only  slight  modifications  to  the  task.  Subjects  were 
allowed  to  consult  the  expert  at  any  time  during  the  trial,  and 
were  only  allowed  to  ask  twice  per  trial.  The  task  scenario  will 
be  described  in  this  section,  and  the  nature  of  the  expert  system 
will  be  described  in  the  following  section.  In  addition,  Appen¬ 
dix  A  provides  the  Pascal  program  which  was  used  to  run  subjects 
in  the  Expert-aid  condition. 

It  was  felt  that  asking  subjects  to  overtly  hypothesize  an 
animal  after  every  attribute  was  not  necessary  in  the  expert-aid 
phase  of  the  study.  After  acquiring  each  attribute,  the  subject 
was  given  three  choices,  ask  for  more  information,  make  a  guess, 
or  ask  the  expert.  An  initial  screen  state  for  this  task  is 
given  in  Figure  3a.  It  can  be  seen  that  in  general,  the  display 
characteristics  are  similar.  (The  subjects  did  not  have  any 
problems  going  from  manual  task  performance  to  expert-aid 
conditions.)  Figure  3b  shows  a  display  after  the  subject  has 
asked  for  several  attributes  and  has  also  asked  the  expert 
(expert  answer  displayed  to  the  right  of  "EXPERT").  In  the 
example,  the  subject  has  just  entered  a  guess  (after  deciding  to 
use  the  advice  of  the  expert) . 


3.2  The  Expert  System 

Because  the  information  base  for  the  task  was  small  and 
well-defined,  it  was  a  simple  task  to  build  an  "expert"  for  this 
particular  domain.  First,  a  data  bank  was  built  to  include  all 
of  the  animal  names  and  associated  characteristics.  Thus,  the 
computer  expert  had  perfect  knowledge  of  the  attributes  and 
associated  animals.  Next,  a  subroutine  was  written  which  "read" 
the  screen  displayed  at  the  time-  the  subject  asked  for  help.  The 
attributes  presented  were  matched  to  the  attribute  sets  in  the 
expert  memory  system  and  when  a  match  was  found,  that  animal  was 
presented  as  the  answer  (see  Appendix  A).  Because  the  attribute 
sets  were  often  incomplete,  the  computer  could  come  up  with  more 
than  one  animal  that  matched  the  particular  set  of  attributes 
being  displayed.  The  subroutine  was  written  such  that  the  order 
of  matching  took  place  randomly,  and  therefore  the  "choice" 
between  more  than  one  possible  answer  was  a  random  one.  Notice 
that  in  this  case,  only  one  answer  was  provided  to  the  subject, 
not  all  possible  answers. 


POSSIBLE  CHOICES 


DEER 
WOLP 
BEAR 
OWL 

TRIAL  :  1 

CONDITION  :  NIGHT 

EXPERT  i 


RABBIT 

SQUIRREL 

GROUNDHOG 

HAWK 


CODE— ATTRIBUTES  : 

1  — SIZE  :  Small 

2—  LOCATION  : 

3—  SPEED  : 

4—  COLOR  : 

5 —  NOISE  : 

6  — ALARM  : 

(A) --ATTRIBUTE  < E) — EXPERT  (G) — GUESS 


3a.  Initial  Display  Screen 


RABBIT 

DEER 

SQUIRREL 

WOLF 

GROUNDHOG 

BEAR 

HAWK 

OWL 

TRIAL  s 

1 

CONDITION  ! 

NIGHT 

EXPERT  : 

Owl 

CODE- -ATTRIBUTES  : 

1—  SIZE  :  Small 

2 —  LOCATION  :  Unknown 

3— -SPEED  : 

4—  COLOR  s  Gcey 

5  — NOISE 

6— ALARM  • 

(A) —ATTRIBUTE  (E)— EXPERT  (G) --GUESS 
G 

GUESS  :  type  the  FIRST  LETTER  of  the  animal. 

0 

CONFIDENCE  RATING  s  1  to  9, 

e 


3b.  Display  after  Guess  and  Confidence  Rating 
Figure  3.  Displays  for  Expert-Aided  Diagnostic  Inference 
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3.3  Experimental  Design 

Phase  1 

In  the  manual  phase  of  the  research,  the  following 
independent  variables  were  manipulated: 

(1)  Session  (1,  2,  or  3) 

(2)  Likelihood  of  the  animal  (Common  vs.  Rare) 

(3)  Number  of  Attributes  available  (two  vs.  four) 

(4)  Diagnosticity  of  attribute  set  (low  vs.  high) 

(5)  Monetary  Pavof f  (low  vs.  high) 

The  first  variable  was  manipulated  by  telling  subjects 
before  performing  the  task  that  five  of  the  animals  (squirrel, 
owl,  hawk,  deer,  and  rabbit)  would  be  relatively  common,  and  more 
likely  to  be  the  answer  than  the  other  three  (bear,  wolf,  and 
groundhog) ,  which  would  be  relatively  rare.  In  setting  up  the 
trials,  the  common  animals  were,  on  the  average  three  times  as 
likely  to  occur  as  the  rare  animals. 

The  second  variable.  Attributes  available,  was  manipulated 
by  making  either  two  or  four  of  the  six  attributes  have  values 
(as  opposed  to  being  "unknown")  on  any  given  trial.  To  keep  this 
from  becoming  obvious  to  the  subject,  a  small  number  of  filler 
trials  were  given  with  either  three  or  five  attributes  available. 

The  third  variable,  Diagnosticity ,  was  one  of  the  most 
critical  of  the  independent  variables.  For  any  given  set  of 
attributes  that  could  be  potentially  available  (  for  example,  if 
the  subject  asked  for  all  six  and  received  either  two  or  four) , 
that  set  of  information  could  be  highly  diagnostic  where  there 
was  only  one  possible  answer,  or  it  could  be  low  in  diagnosticity 
where  there  was  more  than  one  possible  answer.  For  every  trial, 
attribute  sets  w«re  developed  such  that  if  the  subject  obtained 
all  available  information,  there  was  either  only  ONE  possible 
answer  (high  diagnosticity)  or  there  were  TWO  possible  answers 
(low  diagnosticity).  This  was  the  primary  way  in  which  the 
difficulty  of  the  trial  was  manipulated. 

Finally,  in  an  effort  to  manipulate  the  "seriousness  of  the 
consequence"  input  variable  (see  Figure  1),  the  amount  of  money 
to  be  earned  by  the  subject  for  good  performance  was  varied.  One 
group  of  subjects  was  promised  $.50  per  day  for  getting  at  least 
70%  of  the  trials  correct.  The  other  group  of  subjects  was 
promised  $3.00  per  day  for  getting  at  least  70%  of  the  trials 
correct.  All  subjects  were  also  told  that  they  would  receive  a 
bonus  for  simply  coming  to  all  three  sessions. 

The  last  variable,  subject  payment,  was  a  between-sub jects 
variable,  all  others  were  within-sub jects .  The  general  design  of 
each  of  the  three  sessions  was  as  follows: 


Two 

3 

Common  animals 

3 

Common  animals 

Attr. 

1 

Rare  animal 

1 

Rare  animal 

Four 

3 

Common  animals 

3 

Common  animals 

Attr. 

1 

Rare  animal 

1 

Rare  animal 

For  each  of  the  three  sessions,  16  trials  were  critical  in  the 
assessment  of  the  effects  of  the  independent  variables.  These  16 
trials  are  those  formed  by  combining  the  independent  variables 
given  above. 

The  trials  were  developed  so  that  animals  were  counter¬ 
balanced  across  the  four  conditions  listed  above  (i.e.  deer  was 
represented  equally  in  all  four  cells) .  Two  separate  sets  of 
trials  were  developed  for  replication  purposes.  The  two  sets 
were  equivalent  in  all  ways  except  for  the  exact  animal/attribute 
combinations . 

In  the  first  session,  subjects  spent  some  amount  of  time 
learning  the  animal/attribute  information,  and  time  only  allowed 
three  additional  "filler"  trials.  In  the  second  and  third 
sessions,  subjects  performed  24  trials  resulting  from  the  16 
critical  trials  plus  eight  "filler"  trials.  To  maintain 
consistency  across  trials  and  sessions,  only  the  16  critical 
trials  were  used  in  most  of  the  data  analysis. 

Information  was  recorded  for  attributes  requested,  guesses, 
certainty  ratings,  and  asking  of  the  expert.  All  of  these 
behaviors  were  recorded  as  they  occurred,  preserving  the  order, 
and  in  addition,  the  time  in  seconds  (down  to  the  hundredth)  was 
recorded  for  each  behavior.  Finally,  subjects  were  asked  to  fill 
out  a  questionnaire  at  the  end  of  the  third  session  (see  Appendix 
Bl) .  Part  of  this  questionnaire  involved  asking  the  subject  to 
estimate  their  performance  for  each  of  the  three  sessions.  This 
allowed,  at  a  minimum,  the  measurement  of  the  following  dependent 
variables: 

(1)  accuracy  (Percent  Correct) 

(2)  Time  to  perform  the  task 

(3)  subjective  Certainty 

(4)  Attributes  Requested 

(5)  Subjective  Perception  of  performance 

U 

In  the  second  phase  of  the  project,  the  task  differed  in  two 
respects;  subjects  only  gave  one  guess  and  certainty  rating  at 
the  end  of  the  trial,  and  they  were  allowed  to  consult  the 
expert.  Several  of  the  independent  variables  were  retained  in 
Phase  II;  Likelihood  of  the  animal,  number  of  Attributes 
Available,  and  Diagnosticity  of  the  attribute  set. 

Twelve  of  the  subjects  from  Phase  I  were  asked  to  come  back 
in  for  two  more  sessions,  six  were  from  the  high  pay  condition, 
and  six  were  from  the  low  pay  condition.  They  were  deliberately 
chosen  to  represent  a  variety  of  ability  in  terms  of  their  perfo- 


rmance  in  Phase  I.  These  subjects  will  be  referred  to  as  the 
"Experienced"  subjects.  In  addition,  twelve  "Novice"  subjects 
were  run  in  Phase  II,  thus  creating  the  between-subjects  variable 
of  Experience. 

The  within-subjects  variables  were  combined  in  the  same  way 
as  in  Phase  I,  resulting  in  16  critical  trials  during  each  of  the 
two  sessions.  All  new  trials  were  created  so  that  the 
experienced  subjects  would  not  see  any  that  they  had  previously 
performed.  Because  of  the  small  amount  of  time  required  to 
perform  the  trials  (with  only  one  guess  at  the  end) ,  subjects 
performed  30  trials  total  for  each  session.  To  ensure 
equivalency  across  sessions,  most  of  the  data  analysis  only 
involved  the  16  critical  trials.  As  in  Phase  I,  animals  were 
counterbalanced  across  the  experimental  conditions,  and  two  sets 
of  replications  were  used. 

After  finishing  the  second  session,  subjects  were  asked  to 
fill  out  a  questionnaire  (see  Appendix  B2) .  The  first  two 
questions  asked  the  subject  to  rate  their  own  performance  on  a 
scale  of  1  to  20  (with  1  being  "extremely  inaccurate"  and  20 
being  "perfect"),  and  to  rate  the  expert’s  performance  on  the 
same  scale  of  1  to  20.  Additional  items  asked  the  subject  to 
estimate  their  accuracy  on  each  of  the  two  days,  describe  their 
strategy,  and  comment  on  the  expert  system. 

The  design  allowed  for  the  following  dependent  variables  to 
be  assessed: 


(1)  Accuracy  (Percent  Correct) 

(2)  Time  to  perform  the  task 

(3)  Subjective  Certainty 

(4)  Attributes  Requested 

(5)  number  of  times  the  Expert  was  Asked  for  an  answer 

(6)  number  of  times  (or  under  what  conditions)  the  Expert 
answer  was  Used 

(7)  at  what  point  in  the  task  the  expert  was  consulted 

(8)  Subjective  Perception  of  the  subject’s  performance 

(9)  Subjective  Perception  of  the  expert's  performance. 

3.4  Subjects 

Subjects  were  36  upper  level  students  enrolled  at  the 
University  of  Idaho  with  a  mean  age  of  approximately  21.  The 
subjects  were  obtained  by  having  several  instructors  announce  the 
experiment  in  their  classes.  Most  of  the  students  came  from 
either  psychology  or  engineering  classes.  Because  of  the 
possible  difference  in  the  two  subject  populations,  every  attempt 
was  made  to  spread  them  evenly  across  the  between-subjects 
variable  (high  or  low  payoff)  . 

Pour  of  the  subjects  who  started  in  Phase  I  did  not  complete 
their  three  sessions  and  were  replace  with  other  subjects  (their 
data  was  thrown  out) .  Three  subjects  did  not  complete  Phase  II 
and  were  replaced  as  well.  Finally,  one  subject  in  Phase  II 
never  asked  for  the  expert  advice  during  any  of  the  60  trials. 

It  was  decided  that  this  was  not  similar  to  what  would  be 
expected  in  a  real  world  situation,  and  the  subject  was  replaced 


with  a  new  one. 

Subjects  were  instructed  as  to  the  nature  of  the  experiment 
and  treated  in  accordance  with  American  Psychological  Association 
ethical  guidelines.  Informed  consent  was  obtained  and  names  were 
stricken  from  all  records  as  soon  as  data  collection  was  complete 
for  the  subject. 

3.5  Procedure 

Subjects  were  run  individually  in  a  small  room  equiped  with 
several  tables,  chairs,  and  one  IBM  personal  computer.  The 
experimenter  was  with  the  subject  the  entire  time  the  subject 
performed  the  task,  however,  the  experimenter  was  usually  reading 
or  working  at  a  table  behind  the  subject. 

When  the  subject  arrived  the  first  day,  they  were  told  that 
we  were  studying  how  people  solve  problems.  They  were  told  that 
they  were  going  to  be  playing  a  simple  guessing  game,  like  "I'm 
thinking  of  an  animal  that's  small,  brown,  and  noisy,  what  is 
it?".  The  nature  of  the  task  was  briefly  outlined  to  the 
subjects  and  they  were  shown  a  list  of  the  eight  animals  (with 
the  rare  animals  marked  with  an  *) .  The  subjects  were  then  given 
a  list  of  the  eight  animals,  each  with  a  list  of  the  associated 
attributes  (similar  to  the  list  given  previously  in  this  report). 
Subjects  were  allowed  to  study  the  list  as  long  as  they  wished  up 
to  ten  minutes.  Most  subjects  studied  the  list  between  six  and 
eight  minutes.  Subjects  were  then  placed  in  front  of  the 
computer  and  a  practice  trial  was  called  to  the  screen.  Subjects 
in  the  "Expert-aid"  phase  were  introduced  to  the  use  of  the 
expert  at  this  time.  The  display  was  explained  to  the  subjects 
as  well  as  keys  to  press  for  each  desired  action.  The  subject 
was  allowed  to  perform  the  practice  trial,  and  ask  the 
experimenter  questions  about  the  task.  They  were  told  that  they 
should  perform  the  trials  accurately,  but  also  as  quickly  as 
possible  since  they  were  being  timed.  Subjects  in  the  low  pay 
condition  were  told  that  they  would  receive  $.50  per  session  for 
getting  at  least  70%  right,  subjects  in  the  high  pay  condition 
were  told  that  they  would  receive  $3.00  per  session  for  getting 
at  least  70%  right. 

All  subjects  completed  the  trial  sets  within  one  hour.  In 
Phase  I,  most  subjects  took  at  least  30  minutes  to  perform  all 
the  trials  in  a  session.  In  Phase  II,  experienced  subjects 
usually  completed  the  trials  within  30  minutes,  while  the  novice 
subjects  generally  took  30-40  minutes. 

After  subjects  were  finished  with  the  last  session  in  the 
phase,  they  were  asked  to  fill  out  the  questionnaire  described 
earlier,  xhe  experimenter  was  available  during  that  time  to 
answer  questions  the  subjects  had  on  any  of  the  items. 

In  phase  I,  all  subjects  were  paid  $20  regardless  of 
performance  on  the  trials.  In  phase  II,  all  subjects  were  paid 
$14  each  regardless  of  performance  on  the  trials.  After  the 
final  session  and  questionnaire,  subjects  were  debriefed  and 
asked  not  to  discuss  the  experiment  with  other  potential 
subjects. 


4.  EXPERIMENTAL  FINDINGS 


4.1  Phase  I:  Manual  Diagnostic  Inference 

Results  from  the  first  phase  which  was  soley  manual 
performance  of  the  task  will  be  reported  first.  The  results  will 
be  presented  in  three  sections,  the  first  deals  with  overall 
subject  performance  on  the  task,  the  second  summarizes  results 
for  subjects'  performance  estimates,  and  the  third  will  detail  the 
analysis  of  subjects'  strategies  in  performing  the  task. 

4.1.1  Performance  Measures 

A  Multivariate  Analysis  of  Variance  was  performed  on  the 
data  from  the  24  Phase  I  subjects.  The  between-sub jects  variable 
of  "pay  condition"  did  not  significantly  affect  subject's 
performance.  Because  of  this,  it  was  decided  that  analysis 
efforts  would  concentrate  on  only  those  12  subjects  who 
eventually  went  on  to  participate  in  Phase  II  (six  from  High  Pay 
and  six  from  Low  Pay) .  Consequently,  the  analyses  to  be  described 
are  based  on  12  subjects  with  no  payment  manipulation. 

A  Multivariate  Analysis  of  Variance  was  performed  on  data 
for  the  12  subjects  who  later  performed  under  Phase  II.  The 
independent  variables  (all  within-sub jects)  were  Session  (1  vs.  2 
vs.  3),  Attributes  Available  (two  vs.  four),  and  Diagnost icity  of 
the  cue  set  (low  vs.  high).  The  dependent  variables  included 
Percent  Correct,  Time,  Certainty,  and  number  of  Attributes 
Requested  (see  section  3.3  for  the  explanation  of  these 
variables) .  The  statistical  summaries  for  this  analysis  are 
presented  in  Appendix  C.  The  findings  will  be  described  here 
along  with  cell  means.  Only  those  effects  which  were  significant 
in  the  Multivariate  test  as  well  as  the  Univariate  test  will  be 
reported. 

Means  for  the  first  dependendent  variable,  Percent  Correct 
(out  of  four)  are  presented  the  first  section  of  Table  1.  A  main 
effect  was  found  for  Session,  where  subjects  improved  on  perfor¬ 
mance  from  Session  1  ( x= . 6 8 ) ,  to  session  2(3».78)  to  Session  3 
(x*.83).  In  addition,  a  main  effect  was  found  for  Diagnosticity, 
where  trials  having  a  high  diagnosticity  (ONE  animal  possible) 
resulted  in  better  performance  (x*.87)  than  trials  having  a  low 
diagnosticity  (x*.65) .  This  is  reasonable  in  light  of  the  fact 
that  by  nature,  the  later  type  of  trial  is  much  more  difficult. 

It  might  be  expected  that  the  low  diagnosticity  trials  (resulting 
in  a  guess  between  two  animals)  should  result  in  Percent  Correct 
scores  of  approximately  50%,  however,  it  should  be  kept  in  mind 
that  subjects  knew  that  the  "rare"  animals  were  less  likely,  and 
this  could  help  them  correctly  choose  between  Common  and  Rare 
alternatives. 

The  second  dependent  variable,  Time  to  perform  the  trial 
(from  time  of  initial  presentation  to  time  of  final  guess)  was 
also  affected  by  Session  and  Diagnosticity  of  the  Cue  Set.  The 
time  to  perform  the  task  fell  from  a  mean  of  85  sec.  for  the 
first  session,  to  65  sec.  for  the  second  session,  to  58  sec.  for 
the  third  session.  The  main  effect  of  diagnosticity  resulted  in 


Table  1.  Cell  Means  for  Phase  I  (all  dependent  variables) 


PERCENT  CORRECT 


Low  Diagnosticity 

Two  Attributes  Avail. 
Pour  Attributes  Avail, 

High  Diagnosticity 

Two  Attributes  Avail. 
Four  Attributes  Avail. 


TIME 

Low  Diagnosticity 

Two  Attributes  Avail. 
Pour  Attributes  Avail 

High  Diagnosticity 

Two  Attributes  Avail. 
Four  Attributes  Avail. 


CERTAINTY 

Low  Diagnosticity 

Two  Attributes  Avail. 
Four  Attributes  Avail, 

High  Diagnosticity 

Two  Attributes  Avail. 
Four  Attributes  Avail. 


ATTRIBUTES  REQUESTED 

Low  Diagnosticity 
Two  Attributes  Avail. 
Four  Attributes  Avail, 

High  Diagnosticity 

Two  Attributes  Avail. 
Four  Attributes  Avail. 


Session 

1 

.50 

.71 


.79 

.71 


85.7 

90.3 


89.2 

76.5 


Session 

2 

.67 

.69 


.87 

.89 


Session 

3 

.79 

.56 


.98 

.98 


5.48 

6.47 

5.36 

6.08 

5.40 

5.86 

7.09 

7.44 

7.70 

8.20 

7.80 

7.87 

3.4 

3.6 

3.5 

3 . 1 

3.3 

3.7 

2.7 

2.4 

2.6 

2  •  6 

2.6 

2.5 

n 

77.4 

63.2 

74.7 

72.6 

50.5 

49.1 

v  *■> 

57.2 

49.6 

43.19 


longer  trial  times  for  the  low  diagnosticity  conditions  (3E»77) 
than  for  the  high  diagnosticity  conditions  (x*62).  Finallly,  an 
interaction  between  Session  and  Diagnosticity  (as  seen  in  Figure 
4)  reveals  that,  over  sessions,  subjects  improved  their  trial 
times  much  more  significantly  for  the  easy  trials  than  for  the 
more  difficult  trials. 

Subjects  were  asked  to  rate  how  certain  they  were  of  their 
guess  at  the  end  of  each  trial  (on  a  scale  of  1  to  9) .  The 
Certainty  ratings  for  the  subjects  varied  for  the  two  Attributes 
Available  conditions.  When  there  were  two  possible  attributes 
for  subjects  to  acquire,  they  gave  a  mean  certainty  rating  of 
6.47.  When  there  were  four  attributes  possible,  subjects  gave  a 
mean  certainty  rating  of  6.99.  Although  this  difference  is 
statistically  significant,  it  can  be  seen  that  the  difference 
between  the  means  is  not  a  particularly  great  one.  Since  the 
number  of  attributes  provided  to  subjects  was  manipulated 
orthogonally  to  the  difficulty  of  the  trials  (Diagnosticity),  the 
greater  confidence  in  the  trials  with  four  attributes  available 
indicates  that  subjects  were  "lulled"  into  believing  that  they 
are  more  accurate  when  they  have  more  information. 


—  —  —  Low  Diag. 


Session  1  Session  2 


Figure  4.  Mean  TIME  to  perform  the  task  as  a  function 
of  Session  and  Olagnosticity. 
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A  greater  difference  in  certainty  ratings  was  caused  by  the 
Diagnosticity  of  the  trials.  The  easier  high  diagnosticity 
trials  resulted  in  a  mean  rating  of  7.58,  while  the  more 
difficult  low  diagnosticity  trials  resulted  in  a  mean  rating  of 
5.77.  Notice  that  this  second  rating  seems  fairly  high  consider¬ 
ing  that  for  all  of  these  trials,  subjects,  by  definition,  HAD  to 
be  guessing  between  at  least  two  animals.  Finally,  an  inter¬ 
action  between  Session  and  Diagnosticity  reveals  that  subjects' 
confidence  in  their  guess  went  up  over  sessions  for  the  easy 
trials,  and  dropped  slightly  over  time  for  the  more  difficult 
trials. 

For  the  final  dependent  variable,  subjects  were  assessed  on 
the  number  of  attributes  they  requested  after  the  first  attribute 
was  presented.  Means  for  this  variable  are  thus  number  of 
attributes  requested  out  of  a  total  of  five  possible.  A  main 
effect  of  Diagnosticity  was  found,  where  high  diagnosticity  trials 
resulted  in  a  mean  of  2.6  attributes  requested  whereas  the 
low  diagnosticity  trials  resulted  in  a  mean  of  3.4  attributes 
requested.  In  addition,  a  Session  by  Diagnosticity  interaction 
(shown  in  Figure  5)  depicts  a  learning  effect,  where  subjects 
learned  to  ask  for  more  attributes  for  those  trials  where  it  was 
necessary  (low  diagnosticity  trials). 


Figure  5.  Mean  number  of  Attributes  Requested  as  a 
function  of  Session  and  Diagnosticity, 
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4.1.2  Performance  Estimates 


After  the  completion  of  Phase  I ,  subjects  were  asked  on  a 
questionnaire  to  estimate  their  performance  for  all  three 
sessions.  They  were  asked  to  estimate  the  percent  of  trials  they 
answered  correctly  for  each  of  the  three  sessions.  These 
estimates  were  then  compared  to  the  actual  Percent  Correct 
scores.  An  analysis  of  variance  showed  that  subjects 
underestimated  their  performance  for  all  three  sessions, 
F(1,11)*4.67,e».05.  The  means  are  given  below  for  actual  vs. 
estimated  performance  for  all  three  sessions. 


ACTUAL 

ESTIMATED 

SESSION 

1 

.68 

.60 

SESSION 

2 

.78 

.72 

SESSION 

3 

.83 

.79 

4.1.3  Strategy  Analysis 
Strategy  Classification 

To  perform  the  strategy  analysis,  sub jects 'questionnaires 
were  first  reviewed  to  determine  what  subjects  thought  they  were 
doing.  This  resulted  in  several  categories  of  strategies,  and 
the  experimenter  also  tried  to  determine  a  reasonable  classifica¬ 
tion  of  strategies,  partly  on  the  basis  of  previous  research 
in  this  area.  At  this  point,  the  raw  data  for  subjects  in 
sessions  2  and  3  were  reviewed  to  determine  whether  evidence 
could  be  found  for  any  of  the  strategies  defined.  On  the  basis 
of  this  data  review  work,  the  strategy  classifications  were 
slightly  revised.  The  resultant  classification  system  contains 
five  cognitive  strategies  which  subjects  might  use  during  the 
course  of  the  task.  These  strategies  are  given  below  (an  example 
will  follow  depicting  each  strategy): 

(1)  Half-Split.  This  is  a  well-known  classical  strategy  that  is 
the  most  "rational"  procedure  possible  for  the  task [22] .  After 
the  initial  attribute  acquisition,  the  subject  brings  into 
"working  memory"  all  of  the  animals  which  have  that  attribute. 
Then  a  new  attribute  is  requested  which  comes  closest  to 
"splitting"  the  set  of  possible  animals  in  half.  This  procedure 
is  followed  until  the  set  is  narrowed  down  to  one,  or  the  subject 
runs  out  of  attribute  information.  (This  strategy  is  not  the 
only  means  to  the  desired  end,  however,  it  ensures  getting  there 
with  the  fewest  attribute  requests.) 

EXAMPLE: 


First  Attribute  Given:  NO  NOISE 


Subject 


(1)  Determine  possible 
animals: 


(2)  Determine  splits: 


(3)  Choose  attribute 

resulting  in  closest 
to  "equal"  split: 


Second  Attribute  Given:  GRAY 


Subject: 


(1)  Determine  possible 
animals: 


(2)  Determine  splits: 


RABBIT 

HAWK 

OWL 

DEER 

GROUNDHOG 

WOLF 

SIZE 

Small (4) 

Lge(2) 

LOC 

Grnd(4) 

Tree(2) 

SPEED 

Fast(5) 

Slow(l) 

COLOR 

Gray(3) 

Brwn(3) 

ALARM 

No  (3) 

Yes(3) 

ASK  FOR 

COLOR  OR 

ALARM 

RABBIT 

OWL 

WOLF 


SIZE 

LOC 

SPEED 

ALARM 


Small (2) 
Grnd(2) 
Fast(3) 
No(  1) 


Lge(l) 

Tree(l) 

Slow(O) 

Yes(2) 


(3)  Choose  attribute 

resulting  in  closest 
to  "equal"  split: 

etc. 


REQUEST  SIZE,  LOC,  or  ALARM 


(2)  Sat  Reduction.  This  strategy  is  an  easier  way  to  reduce  the 
alternatives  than  the  first  strategy.  Again,  after  the  first 
attribute,  the  subject  must  think  of  a  set  of  animals  with  that 
attribute.  However,  the  subject  must  only  think  of  a  set  that 
can  be  differentiated  on  SOME  other  attribute.  The  subject  does 
not  have  to  think  of  ALL  animals  with  that  attribute,  nor  then 
consider  ALL  possible  attribute  requests  and  whether  one  is  best. 
The  subject  will  simply  determine  an  attribute  that  is  diagnostic 
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to  any  degree  at  all,  and  request  that  attribute.  The  subject 
then  determines  a  set  of  animals  that  fit  the  two  attributes 
known,  and  determines  whether  there  is  another  attribute  that  can 
differentiate  between  them.  This  continues  until  the  subject 
narrows  down  the  set  enough  to  ensure  consideration  of  all 
possible  animals  with  the  known  attributes  (which  may  not  happen 
at  first).  A  reduction  of  the  set  down  to  two  alternatives  will 
place  the  subject  in  the  same  position  as  for  the  Half-Split 
strategy. 

EXAMPLE: 

First  Attribute  Given:  NO  NOISE 
Subject: 

(1)  Determine  some  set 

of  animals  with  known 
attribute:  RABBIT 

WOLF 

OWL 

(2)  Choose  any  attribute 
which  will  differ¬ 
entiate  among  these:  ASK  fOR  LOCATION 


Second  Attribute  Given:  GROUND 


Subject: 

(1)  Determine  some  set 

of  animals  with  known 
attributes:  RABBIT 

DEER 

GROUNDHOG 

(2)  Choose  any  attribute 

which  will  differen¬ 
tiate  among  these:  ASK  FOR  SIZE 

Third  Attribute  Given:  LARGE 

Subject: 

(1)  Determine  some  set 

of  animals  with  known 
attributes:  DEER 

WOLF 

(2)  Choose  an  attribute 
which  will  differen¬ 
tiate  among  animals:  ASK  FOR  ALARM 


(3)  Hypothesis  Testing.  In  this  strategy,  the  subject  again 
considers  some  subset  of  animals  that  have  the  initial  attribute. 
However,  the  subject  will  clearly  have  a  favorite  (hypothesis) 
and  will  request  an  attribute  to  confirm  that  choice.  That  is, 
they  will  ask  for  an  attribute  that  characterizes  that  animal  and 
(optimally)  no  other. 


EXAMPLE: 


First  Attribute  Given:  NO  NOISE 


Subject: 

(1)  Determine  some  of 
possible  animals 

with  one  favorite:  GROUNDHOG  (favorite) 

RABBIT 

WOLF 

(2)  Choose  attribute  to 
request  that  is 
most  uniquely  char¬ 
acteristic  of  favorite 

animal:  ASK  FOR  SPEED  (looking  for 

SLOW) 

Second  Attribute  Given:  FAST 
Subject: 

(1)  Determine  new  set 

with  favorite:  RABBIT  (favorite) 

HAWK 

DEER 


(2)  Choose  attribute  to 
request  that  is 
most  uniquely  char¬ 
acteristic  of  favorite 
animal:  ASK  FOR  GRAY 


(4)  Favocite  Attributes.  In  this  strategy,  subjects  did  not 
attempt  to  reduce  a  set  of  possible  alternatives,  but  rather 
their  attention  was  focused  more  on  acquiring  certain  kinds  of 
information.  This  strategy  would  lead  to  having  favorite 
attributes  which  are  always  requested  first  (and  second,  third, 
etc.).  The  subject  might  still  keep  track  of  possible  animals  to 
some  degree,  otherwise  they  would  always  ask  for  the  same  number 
of  attributes,  in  the  same  order,  no  matter  what  the  trial,  and 
this  never  seemed  to  occur. 


EXAMPLE: 


TRIAL  1 

First  Attribute  Given;  NO  NOISE 
Subject: 

ASK  FOR  SPEED 

Second  Attribute  Given:  FAST 
Subject: 

ASK  FOR  LOCATION 


etc. 


TRIAL  2 

First  Attribute  Given:  ALARM 
Subject: 

ASK  FOR  SPEED 

Second  Attribute  Given:  FAST 
Subject: 

ASK  FOR  LOCATION 


etc. 


(5)  Random  Request  This  is  an  unlikely  but  possible  strategy, 
where  after  the  initial  attribute,  the  subject  simply  randomly 
chooses  one  of  the  remaining  five  attributes  to  request.  (Notice 
that  this  is  compatible  with  a  general  hypothesis  testing 
strategy  that  does  not  make  any  effort  to  assess  the  best 
attributes  to  request;  an  animal  is  hypothesized  and  any 
attribute  might  be  requested  to  confirm  that  hypothesis) . 


I  ,  *; 


;y:> 


Data  Analog is 


To  determine  which  of  the  five  strategies  subjects  were 
using,  it  was  necessary  to  derive  predictions  based  on  each 
strategy  and  compare  the  data  with  those  predictions.  The 
prediction  and  relevant  data  for  each  strategy  will  be  described 
in  this  section.  In  obtaining  data  for  the  strategy  analysis, 
only  data  from  sessions  2  and  3  were  included. 

To  begin,  three  of  the  strategies  will  be  covered  together 
because  the  same  set  of  data  is  relevant  to  them. 

(1)  Half-Split: 

The  Half-Split  strategy  predicts  that  the  attribute 
requested  will  be  that  which  most  evenly  splits  the  possible 
animals  into  groups.  Thus,  for  each  beginning  attribute  it  was 
possible  to  determine  the  "best"  split(s).  A  second  category  of 
splits  was  determined  which  were  diagnostic  but  not  optimally  so, 
and  finally,  a  third  category  of  attribute  requests  was 
identified  which  was  not  at  all  diagnostic.  For  example,  if 
"Small"  is  the  first  attribute  given,  the  best  attribute  requests 
are  Location,  Color,  and  Alarm.  The  acceptable  attribute 
requests  would  be  Speed  or  Noise.  The  Half-Split  strategy 
predicts  that  subjects  will  always  request  the  optimum  attribute 
or  the  "best"  split.  Table  2  shows  these  three  categories  of 
attribute  request;  they  are  listed  as  three  columns  and  specify 
the  predicted  attribute  requests  for  each  possible  first 
attribute.  The  numbers  refer  to  subject  data  and  will  be 
explained  below. 

(2)  Set  Reduction: 

The  Set  Reduction  strategy  predicts  that  subjects  will 
request  any  attribute  that  is  at  all  diagnostic.  In  terms  of  the 
three  types  of  attribute  request  listed  in  Table  2,  this  strategy 
predicts  that  subjects  will  request  the  first  or  second  type  of 
attribute,  but  never  the  non-diagnostic  attribute  in  the  far 
right  column.  To  summarize,  the  Half-Split  predicts  attribute 
requests  only  of  "best"  split  variety,  while  the  Set  Reduction 
strategy  predicts  use  of  both  "best"  and  "acceptable"  split 
attribute  requests. 

(3)  Random  Request: 
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This  strategy  predicts  that  the  subjects  will  not 
discriminate  between  the  three  types  of  category  discussed  above 
and  the  second  attribute  requests  will  be  spread  equally  across 
the  alternative  attributes.  This  means  that  the  expected  values 
for  each  of  the  categories  can  be  obtained  by  determining  the 
proportion  of  attributes  occurring  in  each  category. 


The  data  for  subjects'  first  attribute  requests  are  given 
in  Table  2.  The  numbers  represent  the  percent  of  requests  that 
fell  in  a  particular  category.  For  example,  when  Small  was  the 
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Table  2.  Percentage  of  First  Attribute  Requests  Categorized 
According  to  Type  of  Split. 


"BEST" 

SPLIT 

"ACCEPTABLE"  SPLIT 

NON-DIAG 

REQUESTS 

REQUESTS 

REQUESTS 

FIRST  ATTR. 

Small 

Loc 

.40 

Speed  .00 

Color 

.18 

Noise  .16 

Alarm 

.26 

TOTAL 

.84 

TOTAL  .16 

— 

Large 

Speed 

.09 

Loc  .07 

Color 

.27 

Noise 

.18 

Alarm 

.39 

TOTAL 

.93 

— 

TOTAL  .07 

Ground 

Size 

.31 

Noise  .21 

Speed 

.17 

Color 

.21 

Alarm 

.10 

TOTAL 

.79 

TOTAL  .21 

— 

Tree 

Color 

.40 

Speed  .00 

Noise 

.23 

Size  .01 

Alarm 

.36 

TOTAL 

.99 

— 

TOTAL  .01 

Fast 

Loc 

.27 

Size  .23 

Color 

.21 

Noise  .06 

Alarm 

.23 

TOTAL 

.71 

TOTAL  .29 

— 

Slow 

Size 

.34 

Color  .07 

Noise 

.28 

Loc  .07 

Alarm 

.24 

TOTAL 

.86 

— 

TOTAL  .14 

Brown 

Size 

.36 

Loc 

.19 

Speed 

.14 

Noise 

.17 

Alarm 

.14 

TOTAL 

1.00 

43.28 


Table  2  (cont.) 


Gray 

Size 

.32 

Noise 

.03 

Loc 

.37 

Speed 

.00 

Alarm 

.28 

TOTAL 

.97 

— 

TOTAL 

.03 

No  Noise 

Color 

.16 

Loc 

.32 

Alarm 

.10 

Size 

.38 

S^eed 

.04 

TOTAL 

.26 

TOTAL 

.74 

— 

Noise 

Size 

.64 

Color 

.04 

Loc 

.23 

Speed 

.00 

Alarm 

.09 

TOTAL 

.96 

— 

TOTAL 

.04 

No  Alarm 

Size 

.28 

Loc 

.37 

Speed 

.05 

Color 

.18 

Noise 

.12 

TOTAL 

1.00 

— 

— 

Alarm 

Size 

.34 

Speed 

.04 

Loc 

.24 

Noise 

.17 

Color 

.21 

TOTAL 

.79 

TOTAL 

.21 

— 

Mean  Percentage 

OBTAINED  for  all 

Combined  (N=576): 

(n=479) 

.83 

(n=85) 

.15 

(n=12) 

.02 

Mean  Percentage 

EXPECTED  based  on 

Half-Split  Strategy: 

1.00 

O 

O 

• 

o 

o 

• 

Mean  Percentage 

EXPECTED  based  on 

Set  Reduction  Strategy: 

.83 

.17 

o 

o 

• 

Mean  Percentage 

EXPECTED  based  on 

Equal  Choice: 

.67 

.16 

.16 

43.29 


first  attribute  provided,  subjects  asked  for  Location  in  40% 
of  the  trials.  The  total  for  each  subset  is  given  below  the 
set  of  attributes  in  a  given  section  (eg.,  when  Small  was  the 
first  attribute,  the  "best”  split  attributes  were  requested  84% 
of  the  trials) .  The  percentages  for  all  trials  combined  are 
given  below  the  final  TOTAL  row. 

It  can  be  seen  by  comparing  the  obtained  data  with  the 
predictions  given  at  the  bottom  of  Table  2  that  the  data  are  much 

consistent  with  the  Set  Reduction  strategy  than  the  Half  - 
Split  strategy .  However,  they  are  not  entirely  consistent  with 
the  Set  Reduction  strategy  because  there  were  a  few  trials  where 
subjects  asked  for  a  NON-DIAGNOSTIC  attribute  (category  #3) . 
Because  the  expected  value  for  this  category  is  zero,  and  the 
obtained  value  was  greater  than  zero,  a  Chi-Square  analysis  for 
goodness-of-f it  could  not  be  conducted  for  either  of  the  first 
two  strategies.  A  goodness-of-f it  test  was  conducted  using  the 
expected  values  based  on  an  equal  (proportional)  use  of  the  three 
categories  (the  last  set  of  expected  values  in  Table  2).  A  "X 2 
analysis  showed  that  subjects'  requests  did  differ  significantly 
from  these  three  expected  values,  *2(2)  =  95.2,  p<.001. 

To  try  to  determine  whether  the  data  fit  either  strategy  (1) 
or  (2)  more  closely,  analysis  was  conducted  using  the  data  for 
only  those  trials  where  subjects  had  a  choice  between  "best" 
split  attributes  and  "acceptable"  split  attributes  (Small,  Gray, 
etc.).  In  this  analysis,  the  Set  Reduction  strategy  produced 
the  expected  values,  based  on  the  assumption  that  since 
subjects  did  not  discriminate  between  "best"  and  "acceptable" 
attribute  requests,  they  would  be  chosen  an  equal  amount  of  the 
time  (or  more  accurately,  proportionately  to  the  number  of 
attributes  in  each  category) .  Thus,  a  test  of  the  difference 
between  the  obtained  values  and  the  expected  values  was  a  test  of 
the  Set  Reduction  strategy.  To  the  extent  that  the  obtained 
values  differed  in  the  direction  of  the  "best"  split,  this  would 
provide  indirect  support  for  the  Half-Split  Strategy. 

The  obtained  and  expected  values  for  each  of  the  two 
categories  were: 


Best  Split  Acceptable  Split 

OBTAINED  140  85 

EXPECTED  (Set  Reduction)  127  98 


A  "X2  test  for  goodness-of-f  it  showed  that  the  obtained  values  did 
NOT  significantly  differ  from  the  expected  values  based  on  the 
Set  Reduction  strategy, X2  (1)  *  3.05.  This  can  be  taken  as 
evidence  in  support  of  the  Set  Reduction  strategy  relative  to  the 
Half-Split  strategy. 

An  analysis  of  second  attribute  requests  was  carried  out  in  a 
manner  similar  to  that  just  described.  The  data  obtained  for 
this  analysis  are  more  complicated  because  at  this  point,  subjects 
have  obtained  information  for  two  attributes  (although  in  some 
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cases  the  second  piece  of  information  was  "unknown").  Fre¬ 
quencies  were  calculated  for  all  possible  combinations  of  known 
attributes  and  the  resultant  second  attribute  requests  (for 
example,  one  combination  would  be  ALARM  given  first,  NO  NOISE 
given  after  first  request,  then  COLOR  as  the  second  request). 
These  combinations  were  then  categorized  as  to  whether  they  were 
the  "best  split"  possible,  an  "acceptable  split",  or  a  non¬ 
diagnostic  request. 

It  turned  out  that  for  all  combinations,  there  were  no 
instances  where  a  decision  for  the  second  request  had  to  be  made 
between  all  three  types  of  category.  A  decision  had  to  be  made 
between  either 

(1)  all  second  requests  were  category  #1 

(2)  all  second  requests  were  category  #2 

(3)  all  second  requests  were  category  #1  or  #2 

(4)  all  second  requests  were  category  #1  or  #3. 

An  example  of  (4)  would  be  SMALL  and  GRAY  given,  with  the 
alternative  second  requests  being 

Location  Category  #1  (Best  Split) 

Alarm  Category  #1 

Speed  Category  #3  (Non-diagnostic) 

Noise  Category  #3. 

The  frequency  of  choices  made  between  categories  1  and  3  were 
used  to  compare  the  Half-Split  and  Set  Reduction  strategies  with 
a  simple  Random  Request  strategy.  The  data  for  these  frequency 
tabulations  are  given  in  the  top  half  of  Table  3.  The 
frequencies  are  listed  according  to  the  choices  possible.  The 
example  given  above  would  fall  under  the  "2  Best,  2  Non¬ 
diagnostic"  section.  Totals  were  obtained  for  all  choices 
involving  *1  vs.  #3  categories.  These  totals  are  listed  at  the 
bottom  of  the  first  section,  along  with  the  expected  frequencies 
based  on  a  random  choice  among  the  alternative  second  requests. 
AXZ  analysis  was  performed  on  these  data  and  showed  that  the 
obtained  frequencies  are  nowhere  near  what  would  be  expected  on 
the  basis  of  random  choice,*)^  ( 2)  *>182 . 2  ,£<.001 .  This  provides 
support  for  both  the  Half-Split  and  Set  Reduction  strategies  (it 
is  not  possible  to  distinguish  between  the  two  in  this  analysis) . 

A  similar  analysis  was  performed  for  the  data  comparing  the 
frequency  of  choices  between  category  #1  (Best  Split)  and 
category  12  (Acceptable  Split).  These  frequencies  are  given  in 
the  lower  half  of  Table  3  and  are  also  arranged  according  to  the 
division  of  alternatives  (3  out  of  the  four  alternatives  were  the 
Best-Split,  etc.).  Totals  were  obtained  for  all  choices  between 
category  *1  and  #2,  and  are  listed  at  the  bottom  of  the  table. 

The  Half-Split  strategy  predicts  that  category  #1  would 
always  be  chosen  over  category  *2,  whereas  the  Set  Reduction 
strategy  predicts  that  no  preference  would  be  shown  for  either 
category  type,  and  therefore  the  frequencies  should  be  the  same 
as  those  expected  by  chance.  The  expected  frequencies  based  on 
the  Set  Reduction  strategy  were  calculated  and  are  given  below 
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Table  3.  Frequency  of  Second  Attribute  Requests  Categorized 
According  to  Type  of  Split. 


CATEGORY  1  VS  3, 

■BEST  SPLIT" 

"NON-DIAGNOSTIC" 

CHOICE  BETWEEN: 

REQUESTS 

REQUESTS 

3  Best,  1  Non-Diag. 

OBTAINED 

75 

3 

EXPECTED 

58.5 

19.5 

2  Best,  2  Non-Diag. 

OBTAINED 

158 

9 

EXPECTED 

83.5 

83.5 

1  Best,  3  Non-Diag. 

OBTAINED 

28 

2 

EXPECTED 

7.5 

22.5 

TOTAL  OBTAINED 

261 

14 

TOTAL  EXPECTED  (Random) 

149.5 

125.5 

CATEGORY  1  VS  2 , 

"BEST"  SPLIT 

"ACCEPTABLE"  SPLIT 

CHOICE  BETWEEN: 

REQUESTS 

REQUESTS 

3  Best,  1  Acceptable 

OBTAINED 

28 

4 

EXPECTED 

24 

8 

2  Best,  2  Acceptable 

OBTAINED 

40 

21 

EXPECTED 

30.5 

30.5 

1  Best,  3  Acceptable 

OBTAINED 

9 

18 

EXPECTED 

6.75 

20.25 

TOTAL  OBTAINED 

77 

43 

TOTAL  EXPECTED  (Set  Reduction)  61.25 

58.75 

.*  j*  V 

&& 

W.5TS 


the  TOTAL  OBTAINED  values.  First,  it  can  be  seen  that  the  ob¬ 
tained  values  do  not  lend  support  to  the  Half-Split  strategy 
predictions  (which  would  predict  only  category  11  choices) . 
However,  a'\2  analysis  showed  that  the  obtained  values  did 
significantly  differ  from  the  expected  values  based  on  the  Set 
Reduction  strategy,  X2(l)=8. 27, p<. 01.  The  difference  is  in  the 
direction  of  a  greater  frequency  of  category  #1  choices  than 
would  be  expected.  This  is  in  contrast  to  the  results  described 
previously  for  the  FIRST  attribute  request  analyses  (which  com¬ 
pletely  supported  the  Set  Reduction  strategy) .  This  difference 
will  be  discussed  in  greater  detail  in  the  Summary  and  Discussion 
section. 


(4)  Favorite  Attributes: 

To  determine  whether  some  (or  all)  subjects  had  favorite 
attributes  that  they  requested  regardless  of  the  specifics  of  the 
trial,  their  first  and  second  attribute  requests  were  classified 
for  Sessions  2  and  3.  This  data  is  provided  in  Table  4.  For  a 
given  subject,  the  most  frequent  first  attribute  requested  was 
determined.  The  percentages  given  in  the  first  two  columns  of 
the  table  represent  how  often  the  subject  asked  for  the  most 
requested  attribute  in  sessions  2  and  3.  The  columns  on  the 
right  represent  the  same  type  of  data  for  the  second  attribute 
requested.  For  example,  subject  #11  had  a  favorite  attribute 
that  he/she  chose  for  the  first  request  50%  of  the  time  in 
Session  2  and  83%  of  the  time  in  Session  3.  However,  this  sub¬ 
ject  did  not  have  one  consistent  second  request  in  both  sessions 
2  and  3. 

The  expected  value  for  first  requests,  given  NO  favorites 
would  be  1/5  or  20%,  and  the  expected  value  for  second  requests 
would  be  1/4  or  25%.  It  can  be  seen  that  most  subjects  seemed  to 
have  a  favorite  first  and  second  attribute  request,  and  some 
subjects  used  this  strategy  more  than  others. 

The  data  reviewed  thus  far  indicate  support  for  BOTH  a  Set 
Reduction  strategy  AND  a  tendency  to  request  certain  attributes 
more  than  others.  These  two  strategies  are  not  at  all  incompa¬ 
tible  given  that  the  Set  Reduction  strategy  often  allows  flexibi¬ 
lity  in  which  attribute  should  be  requested  (that  is,  many  will 
often  be  diagnostic  for  a  subset  of  alternatives). 


Table  4.  Percentage  of  Favorite  Attribute  Requests  for  First 
and  Second  Requests  (Sessions  2  and  3) 


Subject 

FIRST 
Session  2 

REQUEST 

Session  2 

SECOND 
Session  2 

REQUEST 

Session  2 

1 

Color 

.33 

Color  .29 

Color  .32 

Alarm  .38 

2 

Color 

.46 

Size  .33 

Alarm  .39 

Alarm  .33 

3 

Size 

.37 

Size  .29 

Noise  .36 

Alarm  .25 

4 

Noise 

.42 

Alarm  .37 

Noise  .27 

Noise  .35 

5 

Size 

.29 

Size  .29 

Noise  .26 

Size  .24 

6 

Loc 

.58 

Loc  .37 

Alarm  .43 

Color  .48 

7 

Size 

.46 

Alarm  .58 

Loc  .33 

Noise  .40 

8 

Alarm 

.37 

Size  .50 

Color  .32 

Color  .33 

9 

Alarm 

.29 

Speed  .25 

Alarm  .30 

Alarm  .25 

10 

Alarm 

.37 

Noise  .42 

Alarm  .40 

Alarm  .38 

11 

Color 

.50 

Color  .83 

Noise  .40 

Loc  .43 

12 

Size 

.46 

Size  .29 

Color  .28 

Color  .26 

Mean 

OBTAINED 

FREQUENCIES 

.41 

.40 

.34 

.34 

Mean 

EXPECTED 
FREQUENCIES 
(Random  Choice) 

.20 

.20 

.25 

.25 

43.34 


(5)  Hypothesis  Testing  Strategy 

As  explained  earlier,  this  strategy  predicts  that  the  subject 
will  request  an  attribute  that  is  the  most  unique  characteristic 
of  the  animal  hypothesized  by  the  subject.  It  was  possible  to 
assess  the  existence  of  this  strategy  because  subjects  were  asked 
to  give  a  hypothesized  animal  after  each  attribute  acquisition. 
Thus,  for  each  initial  attribute  given,  it  was  determined  which 
attribute  would  be  most  "unique"  for  each  possible  hypothesis. 

The  attributes  which  were  NOT  most  unique  were  categorized  as  to 
whether  they  were  equally  descriptive  of  all  possible  alterna¬ 
tives,  or  "non-unique",  that  is,  they  are  characteristic  of  the 
favorite  plus  many  other  animals  as  well.  A  frequency  count  was 
determined  for  subjects  according  to  whether  their  first 
attribute  requested  was  "unique",  "equal",  or  "non-unique".  The 
percentages  of  attribute  requests  falling  into  each  of  these 
three  types  of  category  are  given  in  Table  5.  A  similar  analysis 
was  conducted  for  the  second  attribute  requested.  These  are  shown 
in  the  right  half  of  the  table. 

If  this  strategy  were  descriptive  of  subjects'  attribute 
requests,  it  would  be  expected  that  the  attributes  in  the 
"unique"  column  would  be  chosen  over  the  other  two  types  (equal 
or  non-unique) .  It  can  be  seen  that  this  is  clearly  not  the 
case,  subjects  did  not  tend  to  request  the  attribute  that  would 
be  most  unique  to  the  hypothesized  animal.  Thus,  we  can  be 
reasonably  confident  in  ruling  out  this  strategy  as  a  likely 
description  of  subjects'  cognitive  processes. 


4.2  Phase  II:  Expert-Aided  Diagnostic  Inference 

Data  analysis  from  the  second  phase  of  the  project  was 
performed  in  three  groups  of  analysis: 

(A)  comparison  of  subjects'  performance  in  Phase  I  (Sessions 
2  and  3)  with  performance  in  Phase  II  (Sessions  l  and  2) 

(B)  comparison  of  Experienced  subjects  in  Phase  II 
with  Novice  subjects  in  Phase  II 

(C)  comparison  of  Experienced  subjects  in  Phase  I  (Sessions 
1  and  2)  with  Novice  subjects  in  Phase  II  (Sessions  1 
and  2) 


4.2.1  Analysis  A:  Manual  vs.  Expert-Aided,  Experienced  Subjects 

(The  results  reported  in  this  section  will  be  divided  into 
two  sections,  Performance  Measures  and  Strategy  Analysis.) 

4. 2.1.1  Performance  Measures 

A  Multivariate  Analysis  of  Variance  was  performed  on  the 
data  from  the  12  subjects  who  performed  in  three  sessions  in 


Table  5.  Percentage  of  First  and  Second  Requests  Falling 
into  Unique,  Equal,  and  Non-Unique  Categories 


FIRST  ATTRIBUTE  SECOND  ATTRIBUTE 

REQUEST  REQUEST 

Subject  Unique  Equal  Non-Unique  Unique  Equal  Non-U, 


1 

.36 

.50 

.69 

.46 

.26 

.89 

2 

.27 

.61 

.46 

.31 

.56 

.70 

3 

.46 

.48 

.31 

.42 

.42 

.64 

4 

.33 

.57 

.46 

.23 

.45 

.69 

5 

.39 

.57 

.36 

.38 

.50 

.56 

6 

.29 

.53 

.64 

.42 

.54 

.57 

7 

.42 

.56 

.33 

.48 

.30 

.91 

8 

.50 

.42 

.31 

.45 

.37 

.78 

9 

.51 

.35 

.61 

.27 

.64 

.50 

10 

.50 

.46 

.40 

.65 

.25 

.73 

11 

.42 

.42 

.75 

.40 

.48 

.62 

12 

.65 

.22 

.64 

.35 

.48 

.64 

For  Subjects 
Combined: 

Frequency 

184 

226 

72 

109 

145 

82 

Total  Possible 

431 

475 

145 

275 

332 

119 

Total  Percent 

.43 

.48 

.50 

.40 

.44 

.69 

43.36 


Phase  I  and  for  two  sessions  in  Phase  II.  The  independent 
variables  were  Phase  (I  vs  II),  Session  (2  vs  3  for  Phase  I  and  1 
vs  2  for  Phase  II),  Attributes  Available  (two  vs.  four),  and 
Diagnosticity  (low  vs.  high).  The  dependent  variables  were 
Percent  Correct,  Certainty,  and  Attributes  Requested.  Each  score 
for  these  variables  was  based  on  three  Common  and  one  Rare  animal 
(see  p.  16).  Statistical  summaries  from  the  Multivariate  and 
Univariate  Analyses  are  provided  in  Appendix  D.  All  effects 
reported  as  significant  were  significant  in  both  the  Multivariate 
and  Univariate  tests.  The  means  for  all  three  dependent 
variables  are  given  in  Table  6.  For  the  variable.  Percent 

Correct,  a  main  effect  was  found  for  Phase,  where  subjects  per¬ 
formed  significantly  better  in  Phase  I,  the  Manual  condition, 

(x  =.80)  than  they  did  in  with  the  Expert-Aid  (x  =.74).  At  first 
this  finding  seemed  surprising,  however,  upon  consideration  of 
the  expert-aiding  system,  the  probable  reason  for  the  findings 
became  clear.  Subjects  knew  that  five  animals  were  common  and 
the  other  three  were  rare.  This  information  had  not  been  made 
available  to  the  expert  system.  Thus,  the  expert  system  had  the 
advantage  of  perfect  memory  for  the  animal  attributes,  but  the 
disadvantage  of  not  knowing  the  relative  odds  of  occurrance.  If 
subjects  relied  upon  the  expert  even  some  of  the  time,  this 
drawback  could  lower  their  performance. 

The  above  possibility  is  supported  by  an  interaction- effect 
between  Phase  and  Diagnosticity.  Figure  6  indicates  that 
subjects'  performance  remains  relatively  constant  for  the  easy 
High  Diagnosticity  trials,  but  performance  drops  considerably  for 
the  more  difficult  Low  Diagnosticity  trials.  These  are  the 
trials  where  subjects  would  be  expected  to  use  the  expert  most 
often  (it  will  be  shown  below  that  this  is  exactly  what  happened). 
As  can  also  be  seen  in  Figure  6,  a  main  effect  was  found  for 
Diagnosticity,  where  the  Low  Diagnosticity  trials  resulted  in  a 
mean  percent  correct  of  .61,  and  the  High  Diagnosticity  trials 
resulted  in  a  mean  percent  correct  of  .93. 

The  second  dependent  variable.  Certainty,  was  affected  by 
several  independent  variables.  The  main  effect  of  Phase 
resulted  in  a  higher  mean  Certainty  for  Phase  II  (7.3)  than  for 
Phase  I  (6.8).  There  was  also  a  main  effect  of  Session;  as 
expected,  the  certainty  ratings  increased  over  time.  As  in  the 
Phase  I  analysis,  the  number  of  Attributes  Available  affected  the 
subjects'  certainty  ratings,  where  two  Attributes  Available 
resulted  in  a  mean  rating  of  6.9  and  four  Attributes  Available 
resulted  in  a  mean  rating  of  7.2  (see  previous  discussion  of  this 
effect) .  Finally,  Diagnosticity  strongly  affected  subject 
certainty  with  a  mean  rating  for  Low  Diagnosticity  trials  of  6.0 
and  a  mean  rating  for  High  Diagnosticity  trials  of  8.2.  There 
were  no  significant  interactions  for  this  dependent  variable. 

The  final  dependent  variable,  Attributes  Requested,  was  also 
affected  by  Phase.  Subjects  requested  significantly  more 
attributes  in  Phase  II  (3.4)  than  they  had  in  Pnase  I  (3.0).  In 
addition,  they  requested  more  attributes  for  trials  with  Low 
Diagnosticity  (3.7)  than  for  trials  with  High  Diagnosticity 
(2.8).  There  were  no  interactions  for  number  of  Attributes 
Requested . 


Table  6.  Cell 

Means 

for  Experienced 

Subjects: 

Phase 

I  vs 

.  Phase  II 

PERCENT  CORRECT 

(Session)  2 

Phase  I 

3 

Phase 

1 

II 

2 

Low  Diag. 

Two  Att.  Avail. 

.67 

.79 

.58 

.60 

Four  Att.  Avail. 

.69 

.56 

.50 

.48 

High  Diag. 

Two  Att.  Avail. 

.87 

.98 

.98 

.96 

Four  Att.  Avail. 

.89 

.98 

.85 

.94 

CERTAINTY 

Low  Diag. 

Two  Att.  Avail. 

5.4 

5.4 

6.1 

6.3 

Four  Attr.  Avail. 

6.1 

5.9 

6.5 

6.1 

High  Diag. 

Two  Attr.  Avail. 

7.7 

7.8 

8.4 

8.4 

Four  Att.  Avail. 

8.2 

7.9 

8.4 

8.6 

ATTRIBUTES  REQUESTED 

Low  Diag. 

Two  Att.  Avail. 

3.6 

3.5 

3.9 

3.8 

Four  Att.  Avail. 

3.3 

3.7 

3.7 

3.9 

High  Diag. 

Two  Att.  Avail. 

2.4 

2.6 

2.9 

2.8 

Four  Att.  Avail. 

2.6 

2.5 

2.9 

3.4 

43.38 
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-  High  Diagnosticity 
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Figure  6.  Mean  Percent  Correct  as  a  Function  of 
Phase  and  Diagnosticity. 


In  summary,  the  major  findings  in  this  section  include 
decreased  performance  on  the  Low  Diagnosticity  (difficult)  trials 
in  Phase  II,  an  overall  subjective  certainty  in  Phase 

Phase  il311  increase  in  the  araount  of  information  requested  in 

4. 2. 1.2  Strategy  Analysis 

®|*alys®s  w*re  conducted  in  a  manner  similar  to  that 
described  for  Phase  I.  Only  four  of  the  five  strategies  were 
assessed  in  this  analysis;  it  was  felt  that  the  Hypothesis 

strategy  had  been  sufficiently  ruled  out  and  the  analysis 
should  concentrate  on  the  remaining  four:  Half-Split,  set 
Reduction,  Favorite  Attribute,  and  Random  Request. 
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To  assess  the  likelihood  of  these  three  strategies,  the 
frequencies  were  obtained  for  "best  split,  acceptable  split,  and 
non-diagnostic"  first  attribute  requests.  These  data  are  listed 
in  Table  7.  As  in  the  analysis  for  Phase  I(see  Table  2),  these 
frequencies  are  totalled  at  the  end  of  the  table  and  can  be 
compared  with  the  expected  frequencies  based  on  the  Half-Split, 

Set  Reduction,  and  Random  Request  strategies  .  As  in  the  Phase  I  • 
analysis,  the  obtained  values  are  closest  to  those  predicted  by 
the  Set  Reduction  strategy.  A  X2  analysis  showed  the  frequencies 
to  be  significantly  different  from  those  predicted  on  the  basis 
of  random  attribute  request , X2  ( 2)  =72. 8 ,p< .001 . 

To  determine  whether  the  request  frequencies  support  the  Set 
Reduction  or  the  Half-Split  strategies,  the  frequencies  were 
tallied  for  all  conditions  where  a  choice  was  made  between  the 
"best  split"  and  "acceptable  split"  requests.  The  Half-Split 
strategy  predicts  that  the  "best"  split"  request  will  always  be 
chosen,  whereas  the  Set  Reduction  strategy  predicts  that  there 
will  be  no  preference  between  the  two  categories,  and  therefore 
the  obtained  frequencies  should  follow  directly  from  the 
proportion  of  attributes  in  each  of  the  two  categories.  The 
obtained  values  and  the  expected  values  based  on  the  Set 
Reduction  strategy  were: 


BEST  SPLIT 

OBTAINED  219 

EXPECTED  (Set  Reduction)  177 


ACCEPTABLE  SPLIT 
84 
126 


While  the  frequencies  do  not  show  support  for  the  Half-Split 
strategy  (this  would  be  all  frequencies  in  the  "best  split" 
column) ,  a  X2  test  for  goodness-of-f it  showed  that  the  data  did 
not  fit  a  set  Reduction  strategy  assuming  EQUAL  request  of  all 
diagnostic  attributes , X2 ( 1)  =  23.9,  p<.001.  The  frequencies 
were  biased  in  the  direction  of  a  Half-Split  strategy.  The  most 
reasonable  explanation  of  this  finding  is  that  the  subjects  are 
using  a  Set  Reduction  strategy,  but  are  still  somewhat  more 
inclined  to  use  attributes  that  evenly  divide  the  alternative 
animals  than  attributes  that  provide  a  very  uneven  split. 

An  analysis  was  also  conducted  for  the  second  attribute 
requests.  As  in  the  analysis  for  Phase  I,  these  requests  were 
divided  into  those  where  a  choice  was  made  between  category  *1 
(best  split)  and  category  *3  (non-diagnostic),  and  those  where  a 
choice  was  made  between  category  *1  (best  split)  and  #2 
(acceptable  split).  These  data  are  presented  in  Table  8. 


The  expected  frequencies  are  different  from  Table  2  because 
they  are  based  on  total  frequencies  for  each  attribute  (on  the 
left) ,  and  these  were  not  distributed  the  same  for  Phases  I  and 
II. 
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Table  7.  Percentage  of  First  Attribute  Requests  Categorized 
According  to  Type  of  Split  (Phase  II) 


"BEST" 

SPLIT 

"ACCEPTABLE"  SPLIT 

NON-DIAG 

FIRST  ATTR. 

REQUESTS 

REQUESTS 

REQUESTS 

Small 

Loc 

.32 

Speed  .02 

Color 

.41 

Noise  .06 

Alarm 

.19 

TOTAL 

.92 

TOTAL  .08 

— 

Large 

Speed 

.14 

Loc  .08 

Color 

.31 

Noise 

.14 

Alarm 

.33 

TOTAL 

.92 

— 

TOTAL  .08 

Ground 

Size 

.27 

Noise  .00 

Speed 

.13 

Color 

.33 

Alarm 

.27 

TOTAL 

1.00 

TOTAL  .00 

— 

Tree 

Color 

.50 

Speed  .03 

Noise 

.14 

Size  .03 

Alarm 

.30 

TOTAL 

.94 

— 

TOTAL  .06 

Fast 

Loc 

.15 

Size  .27 

Color 

.33 

Noise  .09 

Alarm 

.16 

TOTAL 

.64 

TOTAL  .36 

— 

Slow 

Size 

.50 

Color  .00 

Noise 

.33 

Loc  .00 

Alarm 

.17 

TOTAL 

1.00 

— 

TOTAL  .00 

Brown 

Size 

.32 

Loc 

.36 

Speed 

.02 

Noise 

.10 

Alarm 

.20 

TOTAL  1.00 


Table  7  (cont.) 


Gray 

Size 

.36 

Loc 

.38 

Alarm 

.16 

TOTAL 

.90 

— 

No  Noise 

Color 

.20 

Loc  .24 

Alarm 

.20 

Size  .32 

Speed  .04 

TOTAL 

.40 

TOTAL  .60 

Noise 

Size 

.36 

Loc 

.21 

Speed 

.00 

Alarm 

.29 

TOTAL 

.86 

— 

No  Alarm 

Size 

.31 

Loc 

.17 

Speed 

.14 

Color 

.24 

Noise 

.14 

TOTAL 

1.00 

— 

Alarm 

Size 

.44 

Speed  .03 

Loc 

.25 

Noise  .11 

Color 

.17 

TOTAL 

.86 

TOTAL  . 1 4 

Mean  Percentage 
OBTAINED  for  all 

Combined  (N=576): 

(n=477) 

.83 

(n*84)  .14 

Mean  Percentage 
EXPECTED  based  on 
Half-Split  strategy 

1.00 

.00 

Mean  Percentage 
EXPECTED  based  on 

Set  Reduction  Strategy: 

.78 

.22 

Mean  Percentage 
EXPECTED  based  on 
Equal  Choice: 

.67 

.22 

Noise 

.07 

Speed 

.03 

■'  V-  «.■ 

.*'vv! 

TOTAL 

.10  • 

*  *-r.  v 

Color  .14 


TOTAL  .14 


(n-15)  .03 


.00 


.  00 


*r.m 
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Table  8. 


Frequency  of  Second 
According  to  Type 


Attribute  Requests  Categorized 
of  Split  (Phase  II) 


CATEGORY  1  VS  3,  "BEST  SPLIT" 

CHOICE  BETWEEN:  REQUESTS 

3  Best,  1  Non-Diag. 

OBTAINED  90 

EXPECTED  73.5 

2  Best,  2  Non-Diag. 

OBTAINED  13' 

EXPECTED  "3.5 

1  Best,  3  Non-Diag. 

OBTAINED  ;; 

EXFECTED 

TOTAL  OBTAINED  24* 

TOTAL  FXPECTED  Pandi,- 


"NON-DIAGNOSTIC" 

REQUESTS 

8 

24.5 

10 

'  3  -  5 

4 

:  9 .  t 


CATFGCR3  I  VF  .  . 

CHCICF  BSTVSE*. 

1  Best  ,  A.  -  a:  .  «* 

bt  a  :  M : 

*  t  ;  *  : 

«  i  '  _  A  r  ;  *  |  • 
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A  test  was  conducted  for  the  Best  Split  vs.  Non-Diagnostic 
requests  where  the  obtained  scores  were  compared  with  the 
frequencies  expected  on  the  basis  of  the  Random  Request  strategy. 
The  results  showed  that  the  data  were  significantly  different 
from  those  expected  on  the  basis  of  Random  Request,  *lr(2)  *  137, 
£<.001.  It  can  be  seen  that  relatively  few  choices  were  made  for 
a  non-diagnostic  attribute. 

A  second  v  test  was  conducted  for  the  Best  Split  vs. 
Acceptable  Split  requests.  In  this  case,  the  expected 
frequencies  were  provided  by  the  Set  Reduction  strategy.  The 
analysis  showed  that  there  was  no  significant  difference  between 
the  values  obtained  and  those  expected  on  the  basis  of  this 
model  (X2<3.0).  These  results  provided  direct  support  for  the 
Set  Reauction  strategy. 


(2)  Favorite  Attributes 

First  and  second  attribute  requests  were  sorted  for  Phase  II 
to  assess  whether  subjects  had  favorite  attributes  (which  they 
did  in  Phase  I) ,  and  also  to  determine  whether  this  tendency 
changed  from  Phase  I  to  Phase  II. 

Table  9  provides  information  similar  to  that  given  in  Table 
4,  that  is,  the  percent  of  trials  each  subject  asked  for  a 
favorite  attribute,  listed  according  to  session.  The  mean  per¬ 
centages  of  favorite  attributes  are  given  at  the  bottom  of  the 
table  Along  with  what  would  be  expected  if  there  was  NO 
difference  in  subjects1  request  for  the  different  attributes. 

One  of  the  first  things  which  can  be  noticed  is  that  in  general, 
the  tendency  to  rely  on  a  favorite  attribute  increased  from  that 
found  in  Phase  I,  particularly  for  some  of  the  subjects.  Figure 
7  shows  the  mean  percentages  for  first  and  second  attribute 
requests  in  Phases  I  and  II. 

A  2(Phase)  x  2(Session)  Analysis  of  Variance  was  performed 
on  the  percentage  scores  for  the  first  attribute  requests  and 
results  showed  that  subjects  did  use  one  favorite  attribute  more 
often  in  their  first  request  during  phase  II  (7  =.54)  than  in 
phase  I  (X  =.40),  F(l,ll) =10. 8, £<.01. 

A  similar  analysis  was  performed  for  the  second  attribute 
requests  (this  was  performed  separately  because  the  percentages 
were  based  on  fewer  items  than  the  first  requests  -  subjects 
sometimes  based  their  final  decision  on  only  two  attributes). 

The  results  of  the  analysis  for  second  requests  showed  that 
although  there  was  a  slight  trend  towards  using  a  favorite  more 
often  in  Phase  II,  this  trend  was  not  significant. 

1  In  summary,  there  was  good  support  for  the  Set  Reduction 
strategy,  and  there  was  also  evidence  that  subjects  were  not  only 
relying  on  favorite  attributes  within  the  confines  of  a  Set 
Reduction  strategy,  but  that  this  tendency  increased  in  Phase  II 
when  they  had  the  availability  of  the  expert  system. 


Table  9.  Percentage  of  Favorite  Attribute  Requests  for  First 
and  Second  Requests  (Phase  II) 


Subject 

FIRST 
Session  2 

REQUEST 

Session  3 

SECOND 
Session  2 

REQUEST 
Session  3 

1 

Color  .58 

Color  .42 

Loc 

.43 

Color  .30 

2 

Loc  .37 

Loc  .42 

Color 

.41 

Color  .30 

3 

Size  .33 

Size  .37 

Size 

.27 

Size  .30 

4 

Noise  .75 

Alarm  .83 

Alarm 

.62 

Noise  .67 

5 

Size  .42 

Size  .71 

Noise 

.27 

Color  .29 

6 

Loc  .79 

Loc  .62 

Color 

.62 

Color  .39 

7 

Alarm  .54 

Alarm  .54 

Noise 

.32 

Size  .38 

8 

Size  .42 

Size  .33 

Alarm 

.32 

Alarm  .33 

9 

Speed  .21 

Speed  .33 

Speed 

.32 

Color  .25 

10 

Color  .42 

Color  .87 

Alarm 

.30 

Alarm  .42 

11 

Color  .75 

Color  .87 

Loc 

.43 

Loc  .48 

12 

Size  .46 

Alarm  .54 

Alarm 

.29 

Size  .27 

Mean 

OBTAINED 

FREQUENCIES 

.50 

.57 

.38 

.36 

Mean 

EXPECTED 

FREQUENCES 

(Random  Choice)  .20 


20 


25 


25 


4.2.2  Analysis  B:  Experienced  vs  Novice  Subjects;  Phase  II 

Extensive  analyses  were  performed  comparing  subjects  who  had 
previously  learned  the  inference  task  on  their  own  before  using 
the  expert  system,  with  those  (novice)  subjects  who  used  the 
expert  system  as  they  were  learning  the  task.  The  variables  were 
first  subjected  to  a  Multivariate  Analysis  of  Variance  with  the 
following  independent  variables:  Experience  (Experienced  vs. 
Novice),  Session  (1  vs  2),  Attributes  Available  (two  vs.  four) 
and  Diagnosticity  of  the  cue  set  (low  vs.  high).  The  dependent 
variables  included: 

(1)  Percent  Correct 

(2)  Time  to  Perform  the  Task 

(3)  Certainty 

(4)  Number  of  Attributes  Requested 

(5)  Percent  (out  of  four)  the  Expert  was  asked 

(6)  Percent  of  times  (out  of  #5)  the  Expert  was  used. 

The  results  from  the  Multivariate  and  all  Univariate  analyses 

are  presented  in  Appendix  E.  All  results  reported  in  this 

section  were  significant  for  both  analyses.  The  means  for  the 
first  four  dependent  variables  are  given  in  Table  10.  These 
four  "performance"  variables  will  be  discussed  first. 

Results  from  the  analysis  for  Percent  Correct  revealed 
several  main  effects  and  one  interaction.  First,  there  was  a 
significant  difference  between  Experienced  and  Novice  subjects, 
where  the  Experienced  subjects  overall  had  higher  scores 
(x  *  .74)  than  the  Novice  subjects  (x  »  .67).  To  give  a  clearer 
picture  of  the  overall  performance  levels.  Figure  7  shows  the 
Percent  Correct  means  for  Experienced  subjects  in  Phase  I  and  II, 
and  for  the  Novice  subjects  in  Phase  II.  The  results  reported 
here  indicate  that  there  is  a  difference  in  performance  between 
the  subject  groups  in  Phase  II.  Since  the  Novice  subjects  are 
just  learning  to  perform  the  task,  it  is  not  surprising  that 
their  performance  is  lower.  A  more  fair  analysis  will  be 
described  shortly  comparing  the  Experienced  subjects'  first  two 
sessions  with  the  Novice  subjects'  first  two  sessions.  One  point 
should  be  noted,  however.  The  novice  subjects  performed  30 
trials  on  their  first  day  and  this  should  have  been  sufficient 
practice  for  them  to  reach  their  normal  performance  level.  Even 
with  this  many  trials  before  their  second  session,  their 
performance  doesn't  improve. 

Other  variables  affecting  the  performance  of  both  groups  of 
subjects  included  Attributes  Available,  where  subjects  performed 
better  in  trials  where  only  two  attributes  were  available 
(x  ■  .75)  than  where  four  attributes  were  available  (x  »  .65) . 
This  is  presumably  because  when  only  two  are  available,  it  is 
more  likely  that  subjects  obtain  all  attributes  necessary  to 
optimally  narrow  down  the  alternative  answers.  Finally,  as  in 
previous  analyses,  Diagnosticity  had  a  strong  effect  on  subject 
performance,  where  the  High  (easy)  trials  resulted  in  .89  correct 
while  the  Low  (difficult)  trials  resulted  in  only  .51  correct. 


Table  10.  Cell  Means  for  Analysis  B:  Experienced  vs.  Novice 

Subjects,  Phase  II  Only 


PERCENT  CORRECT 

Experienced 
(Session)  1  2 

Low  Diag. 

Two  Att.  Avail.  .58  .60 

Four  Att.  Avail.  .50  .48 

High  Diag. 

Two  Att.  Avail.  .98  .96 

Four  Att.  Avail.  .85  .94 


TIME 


Low  Diag. 


Two  Att.  Avail. 

52.2 

40.7 

56.3 

41.- 

Four  Attr.  Avail. 

50.2 

44.6 

56.0 

40 . " 

High  Diag. 

Two  Attr.  Avail. 

37.9 

31.3 

48.6 

34.] 

Four  Att.  Avail. 

43.7 

37.8 

53.1 

37.] 

Novice 

1 

.48  .5 

.56  .3 


•  94  .9 

.69  .8: 


CERTAINTY 


Low  Diag. 

Two  Att.  Avail.  6.1 

Four  Attr.  Avail.  6.5 

High  Diag. 

Two  Attr.  Avail.  8.4 

Four  Att.  Avail.  8.4 


6.3  5.8  5.1 

6.1  5.8  5.1 


8-4  7.0  7.7 

8.6  7.3  8.C 


ATTRIBUTES  REQUESTED 


Low  Diag. 

Two  Att.  Avail.  3.9  3.8 

Four  Att.  Avail.  3.7  3.9 


3.7  3.6 

3.6  3.7 


High  Diag. 

Two  Att.  Avail. 
Four  Att.  Avail. 


12  3  12 

Phase  I  Sessions  Phase  II  Sessions 


Figure  7.  Mean  Percent  Correct  as  a  Function  of 
Experience  and  Session. 


The  interaction  between  Session  and  Diagnosticity  resulted 
in  borderline  significance  (£-.06) .  There  was  a  slight  tendency 
for  all  subjects  to  improve  over  sessions  for  the  High  diag¬ 
nosticity  trials  (from  .86  to  .92) ,  whereas  there  was  a  slight 
decrease  in  scores  over  sessions  for  the  Low  diagnosticity  trials 
(from  .53  to  .49) . 

The  total  time  that  subjects  took  to  complete  a  trial  was 
measured  in  seconds  (to  two  decimal  places).  Recall  that  for 
each  subjects'  score  in  a  given  cell,  the  time  was  calculated  by 
averaging  the  times  from  four  trials  (three  Common  animals  and 
one  Rare  animal).  There  was  no  overall  difference  in  time  to 
perform  the  task  for  experienced  vs.  novice  subjects.  There  was 
a  significant  effect  of  Session,  where  time  decreased  from  49.7 
seconds  for  session  1  to  38.4  seconds  for  session  2.  In 
addition,  subjects  spent  less  time  on  trials  where  two  attributes 
were  available  (x  *  42.8)  than  on  trials  where  four  attributes 
were  available  (x  ■  45.4).  This  is  consistent  with  the  results 
just  reported  where  subjects  generally  do  better  on  trials  where 


fewer  attributes  are  available.  Subjects  spent  more  time  on  the 
more  difficult  Low  diagnosticity  trials  (47.7  sec)  than  the 
easier  High  diagnosticity  trials  (40.4).  Finally,  an  interaction 
between  Attributes  Available  and  Diagnosticity  revealed  that  when 
the  trial  was  Low  in  diagnosticity,  it  did  not  matter  whether 
there  were  two  or  four  attributes  available,  subjects  took  a 
relatively  long  time  to  perform  the  trial.  However,  on  the 
easier  trials,  subjects  were  quick  to  perform  the  inference  with 
only  two  attributes,  but  took  longer  to  process  the  information 
when  there  were  four  attributes  available  (see  Figure  8). 

The  third  dependent  variable.  Subjective  Certainty,  was  also 
averaged  over  four  trials  for  each  score  (three  Common  and  one 
Rare  animal).  Overall,  the  Experienced  subjects  were  more 
confident  in  their  guesses  (x  *  7.4)  than  the  Novice  subjects 
(x  *  6.6).  Again,  this  is  the  expected  finding  since  the  Novice 
subjects  are  learning  the  task.  The  scores  of  the  Novice 
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Figure  8.  flean  Time  to  perform  the  task  as  a  function 
of  Attributes  Available  and  Diagnosticity. 
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subjects  will  be  compared  with  the  first  two  sessions  of  the 
Experienced  subjects  in  a  later  analysis.  As  in  previous 
analyses,  the  easy  High  diagnosticity  trials  resulted  in  more 
confidence,  with  a  mean  rating  of  8.0,  while  the  harder  trials 
resulted  in  a  mean  confidence  rating  of  5.9.  Finally,  there  was 
a  significant  interaction  between  Session  and  Diagnosticity.  For 
the  easier  High  diagnosticity  trials,  confidence  ratings  went  up 
from  7.8  in  the  first  session,  to  8.2  in  the  second  session.  For 
the  difficult  Low  diagnosticity  trials,  the  ratings  went  from 
6.0  down  to  5.8. 

The  final  "performance"  dependent  variable  found  in  Table  10 
is  the  number  of  Attributes  Requested  by  subjects.  The  only  main 
effect  was  produced  by  Diagnosticity  of  the  attribute  set.  when 
the  attributes  had  Low  diagnosticity,  the  subjects  asked  for  a 
mean  of  3.7,  whereas  when  the  attributes  had  High  diagnosticity, 
the  subjects  asked  for  fewer  (3.1)  attributes.  In  addition, 
there  was  a  two-way  interaction  between  the  Attributes  Available 
and  Diagnosticity,  where  the  difficult  trials  resulted  in  a  large 
attribute  request  for  both  two  and  four  attributes  available  (3.8 
and  3.7,  respectively),  while  the  easier  trials  resulted  in  more 
requests  when  there  were  more  attributes  available  (3.3)  than 
when  there  were  only  two  available  (2.9). 

The  remaining  dependent  variables  included  in  the 
Multivariate  analysis  have  to  do  with  the  use  of  the  expert 
system,  and  they  are  therefore  discussed  together.  The  means 
for  these  variables  are  presented  in  Table  11.  The  first 
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Table  11.  Cell  Means  for  Use  of  Expert  System 


PERCENT  EXPERT  ASKED 

Experienced 

Novice 

if 

(Session) 

Low  Diag. 

1 

2 

1 

2 

Two  Att.  Avail. 

.87 

.77 

.60 

.54 

Four  Att.  Avail. 

High  Diag. 

.77 

.57 

.52 

.48 

& 

vfvj 

Vyv 

Two  Att.  Avail. 

.14 

.04 

.46 

.21 

<v 

'■> 

'v’j 

•w'.V 

Four  Att.  Avail. 

PERCENT  EXPERT  USED 

Low  Diag. 

.29 

.12 

.33 

.12 

Two  Att.  Avail. 

.69 

.56 

.70 

.54 

Four  Attr .'  Avail . 

High  Diag. 

.61 

.56 

.65 

.60 

m 

i 

m 

Two  Attr.  Avail. 

.33 

.17 

.57 

.42 

Four  Att.  Avail. 

.42 

.42 

.54 

.25 
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dependent  variable  is  the  percent  of  times  that  the  expert  was 
asked  for  "advice”.  This  percent  was  obtained  by  calculating  the 
number  of  times  out  of  four  trials  that  the  subject  asked  the 
expert  (these  four  trials  are  the  ones  presented  on  p.  16,  with 
three  Common  and  one  Rare  animal) .  Analyses  showed  that  subjects 
asked  the  expert  more  often  in  the  first  session  (x  ■  .50)  than 
in  the  second  session  (x  *  .36).  In  addition,  subjects  asked  the 
expert  more  often  for  the  difficult  Low  diagnosticity  trials 
(x  *  .64)  than  for  the  easier  High  diagnosticity  trials  (x  *  .21) 
Finally,  an  interaction  showed  that  Experienced  subjects  asked 
the  expert  LESS  often  for  the  easy  High  diagnosticity  trials  but 
MORE  often  for  the  harder  Low  diagnosticity  trials  (see  Figure  9) 


-  Experienced  Subjects 

-  Novice  Subjects 


Diagnosticity 


Figure  9.  Mean  %  of  Trials  the  Expert  was  Asked  as  a  function 
of  Subject  Experience  and  Diagnosticity. 
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The  second  variable  reflecting  subjects'  use  of  the  expert 
was,  given  that  the  subject  HAD  asked  the  expert  for  advice,  what 
was  the  percentage  of  trials  that  the  subject  gave  an  answer  that 
was  the  same  as  the  one  given  by  the  expert.  That  is,  how  often 
did  the  subject  actually  use  the  expert's  advice.  Pirst,  use  of 
the  expert's  advice  was  slightly  over  half  of  the  time  (.56)  for 
session  1,  but  slightly  under  half  of  the  time  for  session  2 
(.44),  this  difference  was  significant  at  the  .05  level.  In 
addition,  the  subjects  tended  to  rely  on  the  expert  answer  more 
often  for  the  difficult  Low  diagnosticity  trials  (x  -  .61)  than 
for  the  easier  High  diagnosticity  trials  (x  «  .39).  There  were 
no  other  variables  which  affected  this  measure,  including  the 
experience  of  the  subjects. 

One  last  variable  will  be  discussed;  this  variable  was  not  an 
objective  measure,  but  rather  the  subjective  perception  of  the 
subjects.  On  the  final  questionnaire,  subjects  were  asked  to 
rate  both  themselves  and  the  expert  on  a  scale  ranging  from 
1  *  extremely  inaccurate  to  20  *  perfect.  These  ratings  were 
subjected  to  a  2  (Experienced  vs.  Novice)  x  2  (Self  vs.  Expert) 
Analysis  of  Variance.  Results  showed  that  overall,  subjects 
rated  themselves  as  better  on  the  task  than  the  expert  (mean 
ratings  were  13.7  and  11.3,  respectively),  F(l,22)  «  6. 3, £><.05. 
However,  the  main  effect  cannot  be  interpreted  independently 
because  an  interaction  shows  that  this  effect  is  due  entirely  to 
the  perceptions  of  the  Experienced  subjects.  The  Experienced 
subjects  strongly  considered  themselves  to  be  better  than  the 
expert  (mean  Self  rating  was  14.3  and  mean  Expert  rating  was 
9.7),  while  the  Novice  subjects  saw  no  difference  between 
themselves  and  the  Expert  (means  were  13  and  13.1,  respectively), 
P(l,22)  *  6. 8, £-.01.  To  demonstrate  this  effect  in  another  way, 
ten  out  of  the  twelve  Experienced  subjects  rated  themselves  as 
being  better  than  the  Expert,  while  only  four  of  the  Novice 
subjects  rated  themselves  as  being  better  than  the  Expert. 


4.2.3  Analysis  C:  Experienced  vs.  Novice;  First  Two  Sessions 

A  final  analysis  compared  the  Experienced  subjects  with  the 
Novice  subjects,  using  the  first  two  sessions  for  each  group. 

That  is,  the  data  for  Experienced  subjects  was  obtained  from 
Sessions  1  and  2  of  Phase  I,  and  the  data  for  Novice  subjects  was 
obtained  from  Phase  II.  Since  the  total  number  of  trials  was  not 
equal  for  the  sessions  in  Phases  I  and  II,  caution  must  be  used 
in  interpreting  these  data.  However,  the  comparisons  are  still 
being  made  ONLY  for  the  critical  trials  in  both  cases,  thus  the 
difference  becomes  one  of  practice  effects  caused  by  having  more 
"filler"  trials  in  Phase  II. 

A  Multivariate  Analysis  of  Variance  was  conducted  for  data 
relevant  to  Percent  Correct,  Time  to  Perform  the  Task,  Subjective 
Certainty,  and  number  of  Attributes  Requested.  The  independent 
variables  were  Experience  (Experienced  vs.  Novice),  Session  (1 
vs.  2),  Attributes  Available  (two  vs.  four),  and  Diagnosticity 
(Low  vs.  High).  The  results  of  this  analysis  are  presented  in 
appendix  F,  and  cell  means  are  listed  in  Table  12.  The  dependent 
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Table  12.  Cell  Means  for  Analysis  C:  Experienced  vs.  Novice 
Subjects,  First  Two  Sessions 


PERCENT  CORRECT 

(Session) 

Low  Diag. 

Two  Att.  Avail. 

Four  Att.  Avail. 

High  Diag. 

Two  Att.  Avail. 

Four  Att.  Avail. 


CERTAINTY 

Low  Diag. 

Two  Att.  Avail. 
Four  Attr.  Avail. 

High  Diag. 

Two  Attr.  Avail. 
Four  Att.  Avail. 


ATTRIBUTES  REQUESTED 

Low  Diag. 

Two  Att.  Avail. 
Four  Att.  Avail. 

High  Diag. 

Two  Att.  Avail. 
Four  Att.  Avail. 


EXP. 

Phase  I 

NOV. 

Phase  II 

1 

2 

1 

2 

.50 

.67 

.48 

.52 

.71 

.69 

.56 

.37 

.79 

.87 

.94 

.94 

.71 

.89 

.69 

.83 
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variable  of  Time  to  perform  the  task  is  not  listed  in  the  table, 
and  will  not  be  covered,  because  the  differences  in  the  task 
(asking  subjects  in  Phase  I  to  provide  intermediate  hypotheses) 
caused  large  differences  in  time  for  the  two  different  phases. 

The  first  dependent  variable.  Percent  Correct,  was 
marginally  different  for  the  Experienced  subjects  (x  =  .73)  than 
for  the  Novice  subjects  (x  =  .67),  p=.06.  Notice  that  the  Novice 
subjects  had  the  advantage  of  60  trials  for  the  two  sessions 
while  the  Experienced  subjects  performed  only  43.  Thus,  the 
Novice  subjects  would  be  expected,  if  anything,  to  have  higher 
accuracy  scores  than  the  Experienced.  While  inconclusive,  this 
analysis  along  with  the  analysis  performed  on  Experienced 
subjects  from  the  two  Phases  suggests  that  in  this  experiment, 
use  of  the  expert  caused  subjects  performance  to  drop.  This 
finding  will  be  discussed  in  more  detail  in  the  following 
section. 

As  in  previous  analyses,  the  diagnosticity  of  the  trials 
affected  subject  performance.  Low  diagnosticity  trials  resulted 
in  an  average  of  56%  correct,  while  the  easier  High  diagnosticity 
trials  resulted  in  an  average  of  83%  correct.  There  were  several 
significant  two-way  interactions: 

(1)  Experience  x  Diagnosticity,  where  subjects  did  equally  well 
on  the  easy  trials  but  the  Experienced  subjects  performed  better 
on  the  difficult  trials  (presumably  because  the  Novice  subjects 
asked  the  expert  more  often  on  these  trials  and  this  hurt  their 
performance) 

(2)  Session  x  Diagnosticity,  where  all  subjects  improved  on  the 
easy  trials  (78%  for  session  1  and  88%  for  session  2),  but  did 
not  improve  on  the  difficult  trials  (56%  both  sessions) 

(3)  Attributes  Available  x  Diagnosticity,  where  performance  was 
better  on  Two  Attribute  trials  (88%)  than  Four  Attribute  trials 
(78%)  for  the  easy  High  diagnosticity  trials,  but  showed  the 
opposite  effect  for  the  difficult  Low  diagnosticity  trials,  with 
a  mean  of  54%  for  Two  Attribute  trials  and  58%  for  Four  Attribute 
trials. 

Finally,  a  three-way  interaction  occurred  for  Session,  Attributes 
Available,  and  Diagnosticity.  This  interaction  is  diagrammed  in 
Figure  10.  It  can  be  seen  that  subject's  performance  went  up 
from  Session  1  to  Session  2  for  all  types  of  trials  except  for 
difficult  (Low  diagnosticity)  trials  with  Four  attributes 
available.  This  effect  may  be  due  to  the  problem  that  subjects 
simply  did  not  learn  to  ask  for  enough  of  the  attributes  to 
narrow  down  the  alternatives  to  the  correct  two  choices. 

In  making  Certainty  ratings  for  each  trial  guess,  there  was 
no  significant  difference  between  Experienced  and  Novice  sub¬ 
jects.  As  before,  an  effect  was  found  for  Attributes  Available, 
where  subjects  were  more  confident  with  more  attributes  on  which 
to  oase  their  judgments  (31=6.9)  than  when  there  were  only  two 
attributes  available  (x=6.4).  Also,  for  the  easy  High  diagnosti¬ 
city  trials,  subjects'  mean  rating  was  7.6,  while  the  Low  diag¬ 
nosticity  trials  resulted  in  a  mean  certainty  rating  of  5.7. 
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Finally,  an  interaction  between  Session  and  Diagnosticity 
revealed  that  certainty  increased  from  Session  1  (7.2)  to  session 
2  (7.9)  for  the  easy  trials,  but  decreased  from  Session  1  (5.9) 
to  Session  2  (5.6)  for  the  difficult  Low  diagnosticity  trials. 

The  final  dependent  variable,  number  of  Attributes 
Requested,  was  affected  by  the  type  of  trial;  subjects  in  the  Low 
diagnosticity  trials  requested  an  average  of  3.5  attributes, 
while  subjects  in  the  High  diagnosticity  trials  requested  only  an 
average  of  2.9  attributes.  Overall,  the  Novice  subjects  asked 
for  significantly  more  attributes  (x=3.4)  than  the  Experienced 
subjects  (x=3.0).  Finally,  an  interaction  between  Attributes 
Available  and  Diagnosticity  showed  that  for  the  easy  High  diag¬ 
nosticity  trials,  subjects  asked  for  more  attributes  in  the  Four 
conditions  than  in  the  Two  Attributes  Available  conditions  (3.2 
and  2.6,  respectively),  however,  in  the  difficult  Low  diagnosti¬ 
city  trials,  subjects  asked  for  FEWER  attributes  in  the  Four 
attributes  conditions  than  in  the  Two  attributes  conditions  (3.4 
and  3.6,  respectively). 


Two  AA/  Low  Diag. 


- •  Two  AA/  High  Diag. 


Session  1  Session  2 


Figure  10.  Mean  %  Correct  as  a  function  of  Session, 
Attribute  Availability,  and  Diagnosticity. 
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5.  SUMMARY  AND  DISCUSSION 


The  major  goal  of  this  section  is  to  first  describe  subject 
behavior  in  the  inference  task  without  the  support  of  an  expert- 
aiding  system,  and  then  to  describe  how  that  behavior  changes  as 
a  function  of  introducing  an  expert-aiding  system.  To  accomplish 
this,  the  results  will  be  summarized  in  two  sections;  the  first 
dealing  with  overall  performance  of  the  task  without  and  then 
with  expert-aid,  and  the  second  dealing  with  an  analysis  of 
cognitive  strategies  without  and  with  expert-aid. 


5.1  Performance 

5.1.1  Manual  Conditions 

Subjects  performing  the  task  manually  had  no  trouble 
learning  the  material  or  performing  the  inference  task.  Overall, 
subjects  correctly  solved  an  average  of  73%  of  the  trials. 
Subjects  also  found  the  task  intrinsically  interesting  and 
motivation  was  high.  Thus,  the  development  of  the  task  as  a 
research  tool  was  considered  quite  successful,  and  will  be 
utilized  for  extensions  of  the  current  research. 

Several  variables  were  manipulated  to  provide  information 
bearing  on  the  model  given  at  the  beginning  of  this  report  (p.  7) 
It  was  felt  that  several  factors  would  affect  the  operator's 
performance,  WITHOUT  consideration  of  whether  there  was  a 
computer-aid  available.  The  input  variables  which  were  assessed 
are  given  below  on  the  right,  with  the  corresponding  manipulation 
provided  on  the  left: 

Manipulation  Model  Variable 

(1)  Session  Operator  experience 

(2)  Monetary  Payoff  Seriousness  of  Consequences 

(3)  Diagnosticity  Predictive  Validity  of  Cues 

(4)  Attributes  Available  Amount  of  Information  Available 

(1)  As  expected,  as  subject's  experience  increased  from  session 
to  session,  their  accuracy  improved  significantly.  Also,  time  to 
perform  the  task  decreased.  When  subjects  were  asked  to  give  a 
certainty  rating  for  each  guess,  overall  their  certainty  did  not 
change.  However,  for  the  easy  High  Diagnosticity  tasks  subjects 
became  more  certain  of  their  answers,  while  for  the  difficult 
Low  Diagnosticity  tasks  the  certainty  levels  dropped.  Also,  with 
experience,  subjects  learned  to  ask  for  more  information  on  the 
difficult  trials. 

(2)  The  second  manipulation,  monetary  payoff,  did  not  signifi¬ 
cantly  affect  any  of  the  performance  measures.  This  is  inter¬ 
preted  as  indicating  that  the  operational  definition  of 
"seriousness  of  the  consequences"  was  not  sufficiently  strong  to 
have  an  effect  on  subjects.  It  is  felt  that  the  variable  does 
have  an  impact  in  real-world  inference  tasks,  but  it  is  difficult 
to  manipulate  this  variable  in  a  laboratory  setting. 
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(3  and  4)  The  last  two  variables  are  actually  two  factors  which 
affect  information  transmitted  to  the  operator.  The  amount  of 
information  can  be  determined  by  the  " informativeness"  of  each 
cue  or  attribute,  and  also  by  how  MANY  attributes  are  given  to 
the  operator.  The  Diagnosticity  of  the  attribute  set  reflected 
the  total  number  of  possible  answers,  given  that  the  subject  had 
obtained  ALL  of  the  attributes  available  (either  ONE  possible  » 
high  diagnosticity,  or  TWO  possible  >  low  diagnosticity) .  The 
number  of  Attributes  Available  to  the  subject  was  either  two  or 
four.  These  variables  can  be  manipulated  independently  of  one 
another,  and  this  was  accomplished  in  the  current  experiment. 

As  would  be  expected,  the  overall  diagnosticity  of  the 
attribute  set  had  a  much  greater  effect  on  subjects  than  the 
number  of  attributes  available  (because  if  the  subject  acquired 
all  relevant  cues,  the  number  of  attributes  available  did  not 
really  affect  the  difficulty  of  the  trial).  In  fact,  the  diag¬ 
nosticity  strongly  impacted  subject  accuracy  while  the  number  of 
attributes  available  did  not  affect  performance.  This  indicates 
that  subjects  did  request  information  until  the  relevant 
information  had  been  obtained. 

In  addition,  low  diagnosticity  caused  subjects  to  take 
longer  in  performing  the  task,  and  subjects  requested  more  infor¬ 
mation  in  these  trials.  Interestingly,  not  only  did  low  diag¬ 
nosticity  cause  subjects  to  lower  their  certainty  ratings,  but 
they  also  lowered  their  ratings  when  there  was  less  information 
available  (which  actually  did  not  affect  their  performance  on  the 
trials) . 

To  summarize,  subjects  became  faster,  more  accurate,  and 
more  confident  with  experience,  and  the  major  factor  affecting 
performance  was  the  predictive  validity  (diagnosticity)  of  the 
attribute  set.  Finally,  when  subjects  were  asked  to  estimate  the 
accuracy  of  their  performance,  they  consistently  underestimated 
their  performance,  even  with  increasing  experience  over  sessions. 


5.1.2  Manual  vs.  Expert-aid  Conditions 

To  assess  the  impact  of  introducing  an  expert-aid,  subjects 
from  the  manual  conditions  performed  the  task  in  two  expert-aided 
sessions.  In  addition,  new  inexperienced  (Novice)  subjects  were 
asked  to  perform  the  task  under  expert-aid  conditions  for  two 
sessions.  Thus,  the  Experienced  subject's  performance  could  be 
compared  with  their  own  previous  unaided  performance  as  well  as 
that  of  Novice  subjects  who  had  not  previously  learned  the  task. 

The  following  variables  were  manipulated  for  this  phase  of 
the  project: 


Manipulation 

(1)  Manual  vs.  Expert-Aided 

(2)  Experienced  vs.  Novice 

(3)  Session 

(4)  Diagnosticity 

(5)  Attributes  Available 


(1,  2  and  3)  The  most  important  finding  was  that  Experienced 
subjects'  accuracy  declined  from  manual  to  expert-aided  condi¬ 
tions.  In  addition,  the  Novice  subjects  who  performed  only  in 
Expert-Aided  conditions  performed  worse  than  the  Experienced 
subjects  when  they  performed  the  task  under  manual  conditions 
(see  Figure  7,  p.  49).  This  detrimental  effect  of  the  Expert 
System  can  be  explained  by  the  fact  that  the  Expert  did  not  have 
information  concerning  the  likelihood  of  each  animal  (some  were 
common  and  others  were  rare) .  Since  subjects  did  have  access  to 
this  information,  it  is  reasonable  that  their  performance  would 
be  lower  if  they  relied  on  the  expert  (which  evidence  shows  that 
they  did) .  (An  interesting  side-note  is  that  there  was  no 
difference  in  TIME  to  perform  the  task  between  the  Experienced 
subjects  and  the  Novice  subjects,  another  indication  that  they 
were  performing  the  task  in  much  the  same  way  as  one  another.) 

The  important  implication  here  is  not  that  subjects  did  worse 
with  the  expert  aid,  but  that  Experienced  subjects  DID  rely  on  it 
even  when  they  had  been  performing  better  on  their  own.  The 
Experienced  subject's  final  ratings  showed  that  they  considered 
themselves  to  be  much  better  than  the  expert  (assessment  based  on 
their  performance  under  manual  conditions)  yet  they  still  allowed 
themselves  to  be  swayed  by  the  expert.  Interestingly,  the  Novice 
subjects  DID  NOT  realize  that  they  were  more  capable  than  the 
Expert;  they  relied  on  it  more  and  also  rated  it  as  being  equally 
capable  with  themselves.  The  obvious  implication  here  is  that 
system  operators  should  be  trained  to  perform  a  task  on  their  own 
in  order  to  become  familiar  with  the  task  and  their  own 
capabilities. 

Another  difference  between  the  Manual  and  Expert-aided 
conditions  was  that  subjects  certainty  ratings  after  each  guess 
were  generally  higher  under  the  expert-aid  conditions.  However, 
the  Experienced  subjects  also  had  higher  ratings  than  the  Novice 
subjects.  The  overall  pattern  of  data  indicates  that  it  was 
experience  and  not  the  Expert  System  that  caused  the  subjects 
ratings  to  increase.  There  was  .no  evidence  that  subjects  were 
more  certain  of  their  guesses  simply  because  they  could  consult 
the  advice  of  the  Expert  System. 

Subjects  asked  for  more  attribute  information  in  the  Expert- 
aid  conditions  than  in  the  Manual  conditions.  In  addition,  there 
was  no  difference  between  Experienced  and  Novice  subjects.  This 
suggests  that  something  about  the  Expert  System  caused  subjects 
to  obtain  more  attributes  before  making  a  guess.  However,  there 
is  a  plausible  alternative  reason  for  this  effect.  In  the  Manual 
conditions,  subjects  were  asked  to  make  hypotheses  (and 
associated  ratings)  after  each  attribute  was  provided.  This  may 
have  caused  impatience  or  frustration  in  performing  the  task, 
thereeby  reducing  the  amount  of  "cognitive  effort"  a  subject 
wanted  to  put  into  any  one  trial.  Thus  the  overall  effect  might 
have  resulted  in  a  tendency  to  rely  on  fewer  pieces  of  infor¬ 
mation  in  the  Manual  conditions.  A  study  to  investigate  these 
alternatives  is  currently  being  implemented. 

The  Experienced  and  Novice  subjects  were  also  compared  for 
overall  use  of  the  Expert  System.  First,  use  of  the  system  by 
all  subjects  in  general  dropped  from  the  first  session  (50%)  to 
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the  second  session  (36%).  This  is  not  unexpected  since  the 
subjects  realized  that,  in  general,  the  expert  system  was  not 
particularly  good.  There  was  no  overall  difference  between  use 
of  the  Expert  by  Experienced  vs.  Novice  subjects.  However,  an 
interaction  suggests  that  this  finding  is  misleading.  The 
Experienced  subjects  asked  the  Expert  more  often  for  the 
difficult  Low  Diagnosticity  items,  whereas  the  Novice  subjects 
asked  the  expert  more  often  for  the  Easy  High  Diagnosticity 
items. 

The  percent  of  trials  where  the  expert  answer  was  used  by 
subjects  dropped  from  56%  for  the  first  session  to  44%  for  the 
second  session.  Given  the  overall  negativity  of  subject's 
attitudes  towards  the  Expert  System,  it  is  surprising  that  the 
use  rate  did  not  drop  more  than  it  did.  There  were  no 
differences  between  Experienced  and  Novice  subjects  in  acceptance 
of  the  Expert's  answer. 

(4  and  5)  The  characteristics  of  the  trials  were  varied  as 
before  by  manipulating  Diagnosticity  of  the  total  cue  set,  and 
number  of  Attributes  Available.  The  results  followed  the  same 
pattern  as  in  the  Manual  conditions.  For  all  subjects,  the 
difficult  Low  Diagnosticity  trials  resulted  in  lower  accuracy 
(percent  correct) ,  lower  certainty  ratings  and  more  Attributes 
Requested.  A  Phase  (manual  vs.  expert-aided)  x  Diagnosticity 
interaction  showed  that  performance  on  the  easy  High 
Diagnosticity  trials  remained  relatively  high  when  subjects  went 
from  Manual  to  Expert-aid  conditions,  while  performance 
on  the  difficult  Low  Diagnosticity  trials  dropped  when  subjects 
used  the  Expert  System.  Finally,  as  before,  number  of  Attributes 
Available  affected  certainty  ratings  but  not  actual  performance. 

In  summary,  use  of  the  Expert  System  had  a  negative  impact  on 
subjects'  accuracy,  did  not  affect  their  certainty  in  making 
their  guesses,  and  caused  subjects  to  ask  for  more  information 
than  under  Manual  conditions.  Of  particular  importance,  the 
Experienced  subjects  showed  better  discrimination  in  using  the 
Expert  System  only  for  the  most  difficult  trials  and  revealed  in 
their  ratings  that  they  found  it  to  be  a  less  reliable  system 
than  their  own  abilities.  On  the  other  hand.  Novice  subjects  had 
never  developed  a  good  perception  of  the  task  and  their  own 
abilities,  and  so  they  used  the  Expert  System  less  discrimi- 
nantly,  and  rated  it  equally  as  good  as  themselves. 


5.2  Strategy  Analysis 

5.2.1  Manual  Conditions 

To  assess  the  strategies  used  by  subjects  in  performing  the 
task,  five  different  possible  strategies  were  first  identified. 

In  brief  these  were:  (1)  Half-Split,  the  most  rational  and 
economical  strategy,  where  subjects  determine  the  set  of  possible 
animals  based  on  the  currently  known  set  of  attributes  and 
another  attribute  is  then  requested  which  most  optimally  splits 
this  set  in  half,  this  strategy  is  followed  until  one  answer  is 


determined  or  no  attributes  remain,  (2)  Set  Reduction,  a  strategy 
where  subjects  think  of  SOME  subset  of  possible  answers  based  on 
the  currently  available  set  of  attributes,  and  then  requests  any 
attribute  which  will  narrow  this  subset  down  (following  this 
procedure  means  that  the  set  of  hypotheses  may  change  substanti¬ 
ally  from  one  attribute  acquisition  to  the  next),  (3)  Hypothesis 
Testing,  where  the  subject  determines  some  subset  of  possible 
animals  with  one  obvious  favorite,  and  the  subject  then  requests 
an  attribute  that  will  confirm  that  favorite  choice,  (4)  Favorite 
Attributes,  where  subjects  do  not  attempt  to  reduce  a  set  of 
alternatives,  but  rather  they  have  favorite  attributes  which  they 
tend  to  request  at  first  regardless  of  the  initially  given 
attribute,  and  (5)  Random  Request,  an  unlikely  but  possible 
strategy,  where  the  subject  simply  randomly  chooses  an  attribute 
to  request  regardless  of  the  initial  attribute. 

The  strategies  were  compared  by  inspecting  the  patterns  of 
attribute  requests  and  also  the  hypothesized  animals  following 
each  attribute  acquisition.  Several  comparisons  were  made  since 
there  was  no  single  analysis  which  could  discriminate  between  all 
five  strategies.  In  general,  predictions  were  made  for  each 
strategy  and  then  data  was  sorted  and  analyzed  using  a  Chi-square 
goodness-of-f it  test.  To  summarize  the  results,  all  analyses 
effectively  ruled  out  the  Hypothesis  Testing  and  Random  Request 
strategies. 

Two  analyses  of  attribute  requests  were  productive  in 
discriminating  between  the  Half-Split  and  Set  Reduction  stra¬ 
tegies.  The  first  attributes  requested  by  subjects  were  analyzed 
in  terms  of  predictions  based  on  each  of  the  two  models  and  the 
data  clearly  supported  the  Set  Reduction  strategy.  That  is,  the 
subjects  did  not  seem  to  mentally  entertain  all  possible  animals 
based  on  the  initial  attribute  and  then  ask  for  an  attribute 
which  most  evenly  split  the  alternatives.  Instead,  they  did 
think  of  some  subset  of  alternatives  and  then  ask  for  an 
attribute  which  jould  narrow  the  subset.  This  makes  intuitive 
sense,  because  the  Set  Reduction  strategy  requires  much  less 
cognitive  energy  and  doesn't  really  cost  the  subject  anything. 

Analysis  of  the  second  attribute  request  was  interesting  in 
that  subjects  seemed  to  follow  the  same  Set  Reduction  strategy, 
but  the  data  was  "skewed"  towards  the  Half-Split  strategy.  This 
means  that,  in  general,  the  subjects  followed  a  tendency  to 
reduce  the  set,  but  there  was  a  definite  indication  that  subjects 
were  sometimes  choosing  an  attribute  which  would  best  split  the 
entire  subset  of  possible  animals.  This  is  again  intuitively 
plausible,  because  once  subjects  have  two  attributes,  the  entire 
subset  of  possible  alternatives  is  small,  and  not  difficult  for 
the  subject  to  mentally  identify  all  alternatives  at  once. 

A  separate  analysis  of  the  attributes  requested  revealed 
that  within  the  confines  of  the  general  strategy  that  subjects 
were  using  (Set  Reduction)  they  did  have  some  preference  for 
particular  attributes.  That  is,  given  that  two  attributes  were 
equally  diagnostic  they  would  not  randomly  choose  one,  but  would 
always  go  with  a  preferred  attribute.  Also,  some  subjects  showed 
this  tendency  more  than  others.  This  is  presumable  an  effect  of 
"availability",  where  some  attributes  are  simply  more  available 
in  memory  than  others.  This  would  cause  the  subject  to  consider 


that  attribute  first,  and  if  it  was  diagnostic,  the  subject  would 
go  ahead  and  request  it. 

In  sununary,  the  data  show  the  general  strategy  to  be  that  of 
Set  Reduction,  but  as  the  task  becomes  less  demanding,  the  sub¬ 
jects  start  requesting  attributes  that  are  more  optimally 
diagnostic.  The  implications  are  that  the  greater  the  infor¬ 
mation  load  (number  of  possible  attributes  and  number  of  possible 
causes) ,  the  greater  the  tendency  to  rely  on  the  Set  Reduction 
strategy  (rather  than  the  Half-Split).  This  would  be  especially 
important  in  a  real-world  task  such  as  medical  diagnosis,  because 
the  information  load  is  great,  and  a  tendency  to  mentally 
consider  one  small  subset  of  causes  (diseases)  at  first  might 
induce  a  cognitive  set  that  is  never  completely  overcome.  This 
is  probably  one  area  where  computer  systems  may  be  most  helpful 
(in  making  sure  possible  causes  are  not  overlooked  by  the  user). 
Finally,  there  seems  to  be  an  "availability”  effect,  where  not 
all  equally  diagnostic  attributes  are  requested  equally  often; 
rather  the  subjects  have  favorites  that  are  most  accessible  in 
memory,  and  if  those  attributes  are  diagnostic,  they  will  be 
requested  before  any  others. 

5.2.2  Strategy  Analysis  for  Expert-Aid  Conditions 

The  same  five  strategies  were  assessed  for  subjects  in  the 
Expert-aid  conditions.  The  analyses  were  similar  to  those 
performed  under  Manual  conditions;  attributes  requested  were 
compared  with  predictions  based  on  the  models,  and  Chi-square 
goodness-of-f it  tests  were  performed.  As  before,  the  data  were 
consistent  with  the  Set  Reduction  strategy,  with  each  subject 
showing  some  favoritism  as  far  as  requesting  some  attributes  more 
than  others,  in  fact,  this  tendency  to  request  favorite 
attributes  was  more  pronounced  in  the  Expert-aid  conditions  than 
under  Manual  conditions.  This  is  most  likely  because  subjects 
were  more  inclined  to  "get  information  now”  and  "solve  the 
problem  later"  with  the  Expert  System. 

Only  in  one  analysis  did  the  data  show  a  slight  tendency 
away  from  a  Set  reduction  strategy  in  the  direction  of  the  Half- 
Split  strategy  (meaning  that  subjects  did  not  randomly  determine 
a  diagnostic  attribute  to  request,  but  instead  sometimes  chose 
one  that  more  evenly  split  the  possible  alternatives) . 

To  summarize,  subjects  used  what  seems  to  be  a  sensible  and 
relatively  easy  strategy,  that  of  Set  Reduction,  both  in  the 
Manual  and  Expert-aided  conditions.  Within  the  confines  of  that 
strategy,  when  there  were  several  equally  diagnostic  attributes, 
they  showed  a  tendency  towards  favoritism  in  requesting  certain 
attributes  more  than  others  (different  subjects  favored 
different  attributes) .  In  addition,  data  indicate  that  as  the 
set  of  possible  alternatives  and  relevant  attributes  becomes 
small,  subjects  are  more  able  to  utilize  a  Half-Split  strategy. 
However,  in  the  case  of  the  current  study,  this  is  only  when  this 
number  is  2-4  alternatives,  and  in  the  real  world  environment, 
this  would  be  towards  the  very  end  of  the  inference  process. 


5.3  Conclusions 


Several  useful  pieces  of  information  resulted  from  the 
present  research  project.  First,  it  has  been  shown  that  the 
laboratory  diagnostic  inference  task  developed  for  the  study  is  a 
successful  tool  to  use  in  studying  both  manual  performance  of 
an  inference  task,  and  also  the  effects  of  introducing  various 
configurations  in  an  Expert-aiding  System. 

Second,  preliminary  studies  comparing  Manual  with  Expert-aid 
performance  of  the  diagnostic  inference  tasks  have  given  many 
insights  into  the  impact  of  introducing  an  expert  system.  The 
most  important  of  these  is  the  benefits  of  training  the  system 
operators  to  perform  the  task  on  their  own;  both  to  learn  the 
task  characteristics  and  also  become  familiar  with  their  own 
capabilities.  This  allows  them  to  more  effectively  use  and 
assess  the  Expert  System. 

Finally,  an  anysis  of  the  strategies  used  by  subjects  in 
both  Manual  and  Expert-Aid  conditions,  has  revealed  that  subjects 
use  an  effective  and  cognitively  undemanding  strategy  in  per¬ 
forming  the  inference  task  on  their  own,  and  that  this  strategy 
does  not  essentially  change  as  a  function  of  introducing  an 
Expert  System. 

There  are  obviously  several  details  concerning  the  study 
which  make  these  conclusions  tentative  until  further  research  is 
conducted.  Primarily,  two  issues  need  to  be  resolved.  The  first 
is  whether  the  change  in  task  requirements  caused  some  of  the 
differences  seen  in  the  Expert-aid  conditions  (such  as  the  number 
of  attributes  requested) .  Second,  the  nature  of  the  Expert 
System  needs  to  be  modified  such  that  it  begins  with  at  least  as 
much  information  (probabilities,  etc.)  as  the  subject.  This  will 
make  the  system  more  accurate  and  also  more  closely  mirror  real 
world  expert  systems.  Research  is  currently  being  implemented  to 
study  these  and  other  important  questions. 
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APPENOIX  A:  PASCAL  PROGRAM  FOR  INFERENCE 
TASK  WITH  EXPERT-AID 


PROGRAM  GORDON; 


This  is  a  program  used  in  the  research  grant  conducted  by  Dr.  Sallie  Gordon, 
from  the  University  of  Idaho.  It  begins  by  reading  data  from  the  b  disk  drive. 


-1 


CONST 

NUMCCDE  «5  ; 

NUMTRIALS  »  30; 

TYPE 

INFO  »  RECORD 

TRIAL  :  INTEGER; 
CONDITION  ;  STRING[5J; 
UNANSViER  :  STRING  110]; 
UNC31  :  STRING] 10 1 ; 


(*  The  number  of  attribute  types  ») 
(*  The  number  of  trial  per  disk  *) 


UNCH2 

UNCH3 

UNCH4 

UNCH5 

UNC35 

end; 


STRING] 101 ; 
STRING! 10] J 
STRING [10]  ; 
STRING [ 10 1 ; 
STRING] 10 i  ; 


(*  The  trial  of  the  session 
(*  The  condition  of  the  day 
j*  The  answer  to  the  trial 
<*  The  following  six  strings 
(•  are  the  strings  of  attributes 
{*  read  into  the  computer  that 
(*  are  unknown  to  the  user  until 
(*  requested  by  the  user 


(*  End  of  the  record 


regpack  «  record 

ax , bx, cx, dx, bp, di,si,ds,es, flags: integer; 
end; 


VAR 


recpack : regpack; 
done  ;  integer; 

I  :  INTEGER; 

CODE  :  CHAR; 

TEMPCO  :  CHAR; 

KNANSWER  :  STRING(2S); 


KNCH1 

KNC32 

KNCH3 

KNC34 

KNC35 

RNCH6 

EXPERT 


STRING [ 10 ] ? 
STRING [101 ; 
STRING] 10] ; 
STRING] 10] ; 
STRING [10] ; 
STRING] 101  ; 

:  STRING] 10] ; 


(*  Integer  counter  used  in  prog 
(*  Code  of  the  attribute 


(* 

(* 

(« 

(' 

r 


Anwser  known  to  the  user 
The  following  are  the  six 
attributes  shown  on  the  3Cree 
by  the  computer.  These  are 
only  shown  when  requested  by 


*) 

*1 

«) 

*) 

*) 

•) 

•) 

•) 


•) 

v?:-1 

*> 

*) 

r  1 

•) 

*) 

(*  the  user 


ATTRIBUT  ;  STRINGllO]; 


(*  String  used  in  output 


GUESS  :  STRINGllO]; 
RATING  :  C3AR; 
CONTINUE  ;  CHAR; 
NUMBER  :  STRING] 21; 
ANS  :  CHAR; 

GUESSCOD:  CHAR; 
CORRECT:  INTEGER; 
PER  :  REAL; 

X:  INTEGER; 


(*  The  guess  used  by  the  user  *) 
(*  The  rating  given  by  the  user  *) 
(*  The  integer  used  for  continue  •) 
(*  The  subject  number  of  user  *j 


Lv* 
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initime, 
endtime, 
tin*  :  integer; 
xtiae  :  real; 

INFOARRAY  :  INFO)  (*  Record  of  values  •) 

DATAFILE  s  TEXT;  (*  Text  file  for  input  •> 

OUTFILE  :  TOCT;  (*  Text  file  for  output  •) 


( 


This  procedure  is  used  to  give  directions  to  the  user  as  to  what  he  is 
to  do  for  the  program. 


) 


PROCEDURE  DIRECTIONS; 

BEGIN  (•  Begin  of  procedure  dirctions  *) 

WRITElnl'  Welcome  to  the  scientific  study  conducted  by  Dr.  Sallie  Gordon.', 
'  The  object  of  this  study  is  to  guess  what  animal  is  being  described  by 
'  the  computer.  You  will  be  given  the  condition  of  the  day  and  one  of, 

'  six  attributes.1)  ; 

writeln('  You  are  to  guess  the  animal,  ask  the  expert,  or  ask  for  an', 

'  attribute.'); 

writelnf  You  may  only  ask  the  expert  twice,  and  when  you  have  made', 

'  your  guess, ' ) ; 

writeln('  the  trial  will  automatically  end.'); 


writeln; 

writelnf  The  research  assistant  will  help  you  go  through  a  practice  trial.'); 
end;  (*  End  of  procedure  directions  •) 


( 


This  procedure  asks  for  the  subject  number  of  the  user. 


) 


PROCEDURE  QSUBNUM; 

BEGIN 

WRITELN; 

WRITELN; 

WRITELN; 

WRITELNC  PLEASE  ENTER  YOUR  SUBJECT  NUMBER 
READLN(  NUMBER  ) ; 

END; 

. . . . 


This  procedure  reads  the  data.  It  will  read  the  data  one  trial  at  a 
time.  The  procedure  first  reads  a  code  which  then  does  a  case  statment 
as  tor  what  attribute  will  be  read  next. 


) 
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(*  Begin  of  procedure  qsubnum  •) 


'); 

(*  Reads  the  subject  number  *) 
(*  End  of  procedure  qsubnum  •) 


V.  /V  >  v  v  v  j 


PROCEDURE  READDATA; 
var 

I: INTEGER; 

CCDE  :  CHAR; 

BEGIN 

WITH  INFOARRaY  do 
BEGIN 

READLN(DATAFILE, TRIAL) j 
READLN( DATAFILE,  CONDITION); 
READLNf DATAF ILE,  unANSWER  ); 
READ  (DATAFILE,  CODE  ); 
TEMPCQ  ;»  CODE; 

CASE  CODS  OF 


l '  :  BEGIN 

R£ADLN(DATAFILE,XNCH1)  ;  (» 
UNCHI :  »KNCH1 ;  (< 

ATTRI3UT  :«  KNCH1 
END; 

2'  ;  BEGIN 

READLN(DATAFILE,RNCH2) ;  (* 
UNC32:  «KNCH2;  (' 

ATTRIBUT  KNCH2 
END; 

3'  :  BEGIN 

R£ADLN(DATAFIL£,RNCH3)  ;  (* 
UNCH3  :  »KNCB3 ;  (’ 

ATTRIBUT  :■  KNCB3 
END; 

l'  :  BEGIN 

R£ADLN(DATAFILE,itNCH4) ;  (• 
UNC34  :  «KNC34 ;  (’ 

ATTRIBUT  :■  KNC34 
END; 

5 '  :  BEGIN 

READLN(DATAFILE.RNCBS)  ;  (* 
UNCH5  :  «KNCH5 ;  (' 

ATTRIBUT  •. m  KNCH5 
END; 

j'  :  BEGIN 

READLN(DATAFILE,KNCH6) ;  (* 
UNCH6  :  »KNCH6 ;  (< 

ATTRIBUT  KNCH5 
END 

(•  CASE  *) 

TO  NUMCODE-1  (* 


DO  BEGIN 

READ (DATAFILE, CODE)  ; 
WRITE (  CODE)*) 

CASE  CODE  OF 


Begin  of  procedure  readdata  *) 

Begin  of  with  statement  *) 
Reads  the  trial  number  *) 

Reads  the  condition  *) 

Reads  the  answer  *) 

Reads  the  code  of  the  first  •) 

attribute.  Which  is  first  *) 
to  be  put  on  the  screen  *) 

Reads  the  attribute  with  *) 

*  the  code  of  one  »; 


Reads  the  attribute  with  *) 
the  code  of  two  *) 


Reads  the  attribute  with 
the  code  of  three 


Reads  the  attribute  with 
the  code  of  four 


Reads  the  attribute  with 
the  code  of  five 


Reads  the  attribute  with 
the  code  of  six 


For  loop  to  read  the  rest  of*) 
the  attributes  which  are  not*) 
shown  on  the  screen  *) 

Reads  the  code  for  the  *) 

*  attribute  *' 


•l's  READLN(DATAF1LE, 

0NCH1) ; 

(* 

reads  attribute 

one 

*) 

'2':  READLN( DATAFILE, 

UNCH2) ; 

C 

reads  attribute 

two 

*) 

'3':  READLN( DATAFILE, 

UNCH3) ; 

(* 

reads  attribute 

three 

*) 

•4':  READLNf DATAF ILE , 

UNCB4) ; 

(* 

reads  attribute 

four 

*) 

•5':  READLNf DATAF ILE, 

UNCB5) ; 

(* 

reads  attribute 

five 

*) 

*6':  READLN (DATAF ILE, 

UNCB6) > 

(* 

reads  attribute 

six 

*) 

END; 

(*  End 

of 

case  statement 

•) 

VV*r 

END 

(*  End 

of 

for  statement 

•) 

JvHl 

END 

(•  End 

of 

with  statement 

*) 

END; 

(*  End 

of 

this  procedure 

*> 

i 

(** . 

«\ 

This  procedure  prints  out  the  screen  as  the  attributes  are  requested. 


!«£• 


PROCEDURE  SCREES) 


BEGIN 

(* 

Begin  of  procedure  screen 

*) 

WRITELN) 

WRIT£LN( ' 

POSSIBLE  CHOICES  ' J ; 

WRITELN; 
WRITELN ( ' 

RABBIT 

DEER  ' 

); 

WRITELNf ' 

SQUIRREL 

WOLF  • 

) ; 

WRITELN ( ' 

GROUNDHOG 

BEAR  ' 

) ; 

WRITELN ( ' 

HAWK 

OWL  ■ 

); 

WRITELN) 

WITH  INFOARRAY  DO 

BEGIN 
WRITELN( ' 

TRIAL  i  '  , 

TRIAL  )  ) 

(* 

Prints  out  the  trial  * 

*) 

WRITELN( ' 

CONDITION  :  '  , 

CONDITION  ) ; 

(* 

Prints  out  the  condition 

*) 

WRITELN( ' 
WRITELN) 

EXPERT  :  '  , 

EXPERT  ) ) 

(* 

Prints  out  the  answer  * 

) 

WRITELN; 
WRITELNf ' 
WRITELN) 

CODE- -ATTRIBUTES 

i  1  ); 

WRITELN( ' 

1  — SIZE  ; 

',  ENCHl); 

(* 

The  following  prints  out 

*) 

WRITELN( ' 

2— LOCATION  i 

',  KNCH2); 

(* 

attributes  as  they  are 

*> 

WRITELN( 1 

3— SPEED  s 

',  KNCH3)  ; 

(* 

requested  by  the  user 

*) 

WRITELN ( ' 

4— COLOR  i 

'  ,  KNCH4) ) 

WRITELN ( ' 

5 — NOISE  : 

'  ,  RNCHS)  ) 

WRITELNt ' 
WRITELN; 

6— ALARM  t 

',  KNCH6) ; 

END; 

(* 

END  OF  DO  BEGIN 

*) 

END; 

(* 

END  OF  PROCEDURE 

*> 

( 


This  procedure  prints  out  the  heading  of  the  output  to  the  output  file 
It  lists  the  subject  number/  trial  number,  condition,  attribute  pick 
at  that  ti-.e,  guess  of  the  animal,  rating  on  the  guess  of  1-9,  and 
the  answer  of  the  trial. 


) 


PROCEDURE  HEADING; 


BEGIN 

WRITERS ( OUTF ILE) ; 

WRITELN ( OUTF ILE ,  •  SUB  THI  *  J  | 
WRITELN (OUTF ILE,  '  NUM  NUM  CONDI 
•  ANSWER  TIME  EXPERT' ) ) 

END; 


(*  Begin  of  procedure  heading  *) 

CODE-ATTRIBUTE  GUESS  RATING 

(•  End  of  the  procedure  *) 


This  procedure  prints  out  the  data  to  a  file.  It  prints  it  as  soon  as 
the  user  inputs  the  data  after  a  rating  has  been  given  from  the  key 
board. 


> 


PROCEDURE  ATTPRINT; 


BEGIN  (*  Begin  of  procedure  dataprint  ») 

WITH  INFCARRAY  DO 

BEGIN  (*  Begin  of  with  statement  *) 

WRIT££..V(OUTFIL£,  NUMBER:  4 ,  TRIAL;  5  ,  CONDITION:  8  .CODE:  6  ,ATTRIBUT:  10 ,  :20, 

UHANSWER:  12/  XTIM£:9:2); 

END;  (*  End  of  with  statement  •) 

END;  (*  End  of  procedure  dataprint  *j 

PROCEDURE  EXPRINT; 

BEGIN 

WITH  INFCARRAY  DO 
BEGIN 

WRITELN ( OUTFILE,  NUMBER: 4 ,  TRIAL: 5 ,  CONDITION: 8, 48 ,XTIME: 9: 2, EXPERT: 10) ; 
END; 

END, 

PROCEDURE  GUEPRINT; 

BEGIN 

WITH  INFOARRAY  DO 
BEGIN 

WRITELN (OUTFILE, NUMBER: 4 .TRIAL: 5 , CONDITION: 8  , '  -  1 : IS , GUESS: 12 /RATING: 8 , UNANSWER: 
XTIME: 9 : 2) ; 

END; 

END; 


This  procedure  is  used  to  exchange  the  unknown  attribute  with  the  known 
attribute  when  an  attribute  is  requested.  This  is  done  with  a  case 
statement  which  cases  a  code  and  exchanges  the  correct  attribute. 


PROCEDURE  ATTRICODE; 

BEGIN 

WITH  INfOARRAY  DO 
BEGIN 

CASE  CODE  OF 

•1':  BEGIN 

KNCH1  :«  UNCBlJ 
ATTRIBUT  :«  UNCHI 
END; 

’2':  BEGIN 

KNCH2  :«■  UNCH2  ; 
ATTRIBUT  :■  UNCH2 
END; 

'3':  BEGIN 

KNCH3  ««  UNC33  ; 
ATTRIBUT  :«  UNCH3 
END; 

•4’:  BEGIN 

KNCH4  :«  UNC34  > 
ATTRIBUT  UNCH4 
END; 

•S':  BEGIN 

RNCHS  ONCH5  ; 
ATTRIBUT  ;•  UNCH5 
END} 

'6’:  BEGIN 

RNCHS  UN'CHS  » 
ATTRIBUT  :«  UN CHS 
END; 

END 


.*.**•„*.»*.. ************ *•*****«) 

t*  Begin  of  procedure  attricode  *) 

(*  Begin  of  with  statement  *) 

(*  Case  statement  of  the  codes  •> 

(*  Exchanges  the  first  attribute* 

(*  Exchanges  the  second  attribut* 

(•  Exchange*  the  third  attribute* 

(*  Exchanges  the  forth  attribute* 

(*  Exchanges  the  fifth  attribute*) 

(•  Exchanges  the  sixth  attribut*) 
(*  End  of  the  Case  statement  *) 


END 


(*  End  of  the  With  statement  *) 


END; 


(•  End  of  the  Procedure  •) 
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This  procedure  asks  questions  that  the  study  is  using. 

1. )  Guess 

2. )  Rating 

3. )  Continue  on  this  trial  or  go  onto  next 

4. )  If  continue  on  this  trial,  it  will  ask  for  an  attribute  choice. 


PROCEDURE  QUESTION; 

BEGIN 

REPEAT 

WRITELNC  MAKE  A  GUESS  by  typing  the  FIRST  LETTER  Of  the  animal.’) ; 
READln ( GUESSCOD) ;  (*  Reads  the  guess  *) 

UNTIL  Upcase(guesscod)  in  ( '  R' , 'S' , 'G* , 'H' , 'D' , 'W* , 'B' , 'O' 1 ; 


with  recpack 
do  begin 
ax:*0; 

intr(Sla, recpack)  ; 
endtime  :■  dx  32767 
END; 


xtime:«  (endtime  -  initime)/18.2; 
(•TIME:-  xTIME  div  1») 


REPEAT 

WRITELNC  You  must  enter  a  CONFIDENCE  RATING  from  1  to  9,  •); 
READln ( RATING) ;  {*  Reads  the  rating 
UNTIL  UpCase( RATING)  in  ( ' 1 ' , ' 2 ' , ' 3 ' , *  4 1 , ' 5 ' , '6 ’ , ’7 • , • 8 ’ , ' 9 ' ] ; 


guesscod  : »  UpCase(guesscod) ; 
case  guesscod  of 

•R' 

:  GUESS 

:  ■ 

l 

Rabbit' ; 

■S' 

:  GUESS 

:  • 

• 

Squirrel'; 

■G' 

:  GUESS 

s  ■ 

• 

Groundhog1; 

'H' 

:  GUESS 

s  ■ 

I 

Hawk ' ; 

'O' 

:  GUESS 

:» 

i 

Deer* ; 

,w, 

:  GUESS 

:  ■ 

• 

Wolf; 

'  B ' 

:  GUESS 

:  ■ 

« 

Bear'; 

•O' 

END; 

:  GUESS 

2  * 

• 

Owl' 

GUEPRINT; 
done  :■  1; 


(•  Call  to  print  current  data  •) 
(*  END  OF  PROCEDURE  GUESSTION  * 


PROCEDURE  ATTRj 

BErepeat  B*9in  of  ATTR  PROCEDURE  ‘ 

READln*(ICODEffrER  th*  NUMBER  t0  th*  LErT  o{  th*  ATTRIBUTE.'); 

UNTIL  UpCase (CODE)  IN  ( ' 1 • , ‘ 2 ' , ■ 3 ' , ' 4 ' , ' 5 • , ’6 ’ ] ; 


ATTR I CODE; 
done:*  0;. 


(*  Reads  code  of  attribute  *) 


WITH  RECPACK 
DO  BEGIN 
AX:-0; 

INTR(S1A, RECPACK) ; 
ENDTIME  DX  ♦  32767 
END; 
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XTIME: -  (ENDTIME-INITIME) /18. 2; 

ATTPRINT; 

END;  (•  End  of  the  ATTR  PROCEDURE 


PROCEDURE  EXPERTOP; 
VAR 

raw:  integer; 
found  :  integer; 
BEGIN 

REPEAT 

RAW:-  RAND0M(9); 
WRITE (RAW) ; 

CASE  RAW  OP 


1  :  BEGIN 

IF  (KNCH1-'  Small')  or  (knchl-'  Unknown*)  or  (knchl-'  ') 

then  If  (knch2-'  Ground')  or  (knch2«*  Unknown')  or  (knch2-'  ') 

then  if  (knch3«‘  Past')  or  (knch3*'  Unknown')  or  (knch3-'  ') 

then  if  (knch4»'  Grey*)  or  (knch4-'  Unknown')  or  (knch4-'  •) 

then  if  (knchS-'  No  Noise')  or  (knchS-*  Unknown')  or  (knch5-*  *) 

then  if  (knchfi-'  No  Alarm')  or  (knchfi-'  Unknown')  or  (knch6-'  •) 


then 

begin 

expert  :■'  Rabbit'; 
found  :»  1 
end 
end; 


2  :  begin 

if  (knchl- '  Small')  or  (knchl-'  Unknown')  or  (knchl-1  *) 

then  if  (knch2»'  Ground')  or  (knch2-'  Unknown')  or  (knch2-'  ') 

then  if  (knch3»'  Slow')  or  (knch3»*  Unknown')  or  (knch3-'  ') 

then  if  (knch4-'  Brown')  or  (knch4«'  Unknown')  or  (knch4»'  ') 

then  if  (knchS-'  No  Noise')  or  (knch5-'  Unknown')  or  (knchS-'  ') 

then  if  (knchfi-'  No  Alarm')  or  (knchfi-'  Unknown’)  or  (knch6-'  ') 


then 

begin 

expert  Groundhog'; 
found  : «  1; 
end; 
end; 


3  :  begin 

if  (knchl-'  Large')  or  (knchl-'  Unknown’)  or  (knchl-'  ') 

then  if  (knch2-*  Ground')  or  (knch2-'  Unknown')  or  (knch2»*  ') 

then  if  (knch3»'  Fast')  or  (knchl-1  Unknown')  or  (knch3-'  ') 

then  if  (knch4«'  Brown')  or  (knch4-'  Unknown')  or  (knch4«'  ') 

then  if  (knch5»'  No  Noise')  or  (knch5-'  Unknown')  or  (knchS-'  ') 

then  if  (knchfi-'  No  Alarm')  or  (knchfi-'  Unknown')  or  (knch6-'  •) 


then 

begin 

expert  :-'  Deer'; 

found  :•  1; 
end 
end; 


4  :  beg  in 

if  (knchl-'  Large')  or  (knchl-'  Unknown')  or  (knchl-'  ') 

then  if  (knch2»'  Ground')  or  (knch2-'  Unknown')  or  (knch2»*  ') 

then  if  (knch3-‘  Slow')  or  (knch3-'  Unknown')  or  (knch3-'  ') 

then  if  (knch4»'  Brown')  or  (knch4-'  Unknown')  or  (knch4-'  ') 

then  if  (knchS-'  Noise')  or  (knchS-'  Unknown')  or  (knchS-'  ') 

then  if  (knch6-'  Alarm')  or  (knch6-'  Unknown')  or  (knchfi-'  •) 


then 

begin 

expert  Beer'; 

found  :■  1; 
end 
end; 


S  :  begin 

if  (knchl*'  Small')  or  (knchl*'  Unknown')  or  (knchl*'  ') 

then  if  (knch2*'  Tree')  or  (knch2*'  Unknown’)  or  (knch2*'  ') 

then  if  (knch3*‘  Past')  or  (knch3**  Unknown’)  or  (knch3*'  ') 

then  if  (knch4»'  Brown')  or  (knch4»'  Unknown')  or  (knch4*'  ') 

then  if  (knchS*'  Noise')  or  (knchS"'  Unknown*)  or  (knch5*'  •) 

then  if  (knch6**  No  Alarm')  or  (knchS*’  Unknown')  or  (knch6*'  ') 


then 

beg  in 

expert  :»'  Squirrel'; 
found  :*  1; 
end 
end; 


6  :  begin 

if  (knchl*'  Small')  or  (knchl*1  Unknown')  or  (knchl*'  ') 

then  if  (knch2*‘  Tree')  or  (knch2*'  Unknown’)  or  (knch2*'  ') 

then  if  (knch3*'  Fast')  or  (knch3*'  Unknown')  or  (knch3*'  ') 

then  if  (knch4*'  Grey')  or  (knoh4«'  Unknown')  or  (knch4»’  ') 

then  if  (knch5»'  No  Noise')  or  (knchS*'  Unknown')  or  (knchS-'  ') 

then  if  (knch6«'  Alarm')  or  (knchfi»'  Unknown')  or  (knch6«‘  ') 


then 

begin 

expert  Owl'; 

found  :»  1; 
end 
end; 


7  ;  begin 

if  (knchl*'  Small')  or  (knchl**  Unknown’)  or  (knchl*'  ') 

then  if  (knch2**  Tree')  or  (knch2*'  Unknown’)  or  (knch2-'  ') 

then  if  (knch3*'  Fast')  or  (knch3**  Unknown')  or  (knch3**  ■) 

then  if  |knch4»'  Brown')  or  (knch4*'  Unknown')  or  (knch4»‘  ') 

then  if  (knch5«*  No  Noise')  or  (knchS*'  Unknown')  or  (knchS*'  ’) 

then  if  (knchfi* '  Alarm')  or  (knch6*'  Unknown')  or  (knch6-'  ') 


then 

begin 

expert  :*'  Hawk'; 

found  :*  1; 
end 
end; 


8  :  begin 

if  (knchl*'  Large')  or  (knchl*1  Unknown')  or  (knchl*’  ') 

then  if  (knch2*'  Ground')  or  (knch2*'  Unknown')  or  (knch2»*  ') 

then  if  (knch3»'  Fast')  or  (knch3*'  Unknown')  or  (knch3»'  *) 

then  if  (knch4*'  Grey')  or  (knch4*'  Unknown')  or  (knch4*‘  ') 

then  if  (knch5*'  No  Noise')  or  (knchS**  Unknown')  or  (knchS*'  ') 

then  if  (knchS*'  Alarm')  or  (knch6“*  Unknown')  or  (knch6*'  ') 


then 

begin 

expert  Wolf'; 

found  ;*  1; 
end 
end; 

(•otherwise  ;  expert:*'  Unknown'*) 


end; 


{*  «nd  of  case  *) 


until  found  »  lj 
done  :»  0; 

WITH  RECPACK 
DO  BEGIN 
AX : »0 ; 

INTR($la, recpack) ; 
endtine:*  dx  *  32767; 
end; 

xtirne:-  (endtime-initiae)/18.2; 

EXPRINT; 

(• 

writeln 

writelnC  EXPERT  GOESS  is  expect) 
writeln 

REPEAT 

UNTIL  KEYPRESSED  •) 

end;  (*  end  of  procedure  expect  •) 


PROCEDURE  PROMPT; 

VAR 

CUE  s  CHAR; 

BEGIN 

done  ;»0; 

REPEAT 

WRITELNC  (A)— ATTRIBUTE  ( E)  —  EXPERT  (G)  —  GUESS  ’); 

READLN(CUE)  ; 

UNTIL  UpCase(cue)  in  [ ' A' , ' E ' , 'G' J ; 

CUE  ;■  UpCase(cue) ; 
case  cue  of 
•A'  :  ATTR; 

•E’  :  EXPERTOP; 

'G'  ;  QUESTION; 
end; 


end; 


( 
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This  is  the  main  part  of  the  program.  It  calls  all  of  the  subroutines 
a3  they  are  called  in  this  portion  of  the  program. 

It  will  first  define  all  of  the  files  for  the  input  and  the  output. 

It  then  proceduces  to  call  the  subroutines  as  instructed  by  the  program. 


. . 


BEGIN  (*  MAIN  *) 

ASSIGN( DATAFILE,  1 B: ANIMAL .DAT* ) ; 
RESET (DATAFILE) ; 

ASSIGN(OUTFIL£, 'A: ANIMAL. OUT' ) ; 
REWRITE (OCTFILE)  ? 


(*  Assigns  the  input  file  *) 

(•  Assigns  the  output  file  *) 


DIRECTIONS; 

QSL'BNL’M; 

CLRSCR; 

CORRECT: -0; 

FCR  I  :»  1  TO  NL'MT  RIALS 
DO  BEGIN 

HEADING; 


KNC31 : - ' 

KNC32:-' 

KNCH3 ; •  ' 

KNCH4:-'  •> 

KNCH5 ; ■ 1  '» 

KNCH6 : * '  '  J 

KNANSWER: « '  '> 

EXPERT: ■ ' 


WITH  INFCARRAY  DO 


BEGIN 

UNcai :  ■ '  ' ; 

UNCH2 : " ' 

UNC33 : * '  ' » 

UNC34 : • '  'S 

UNC35 :  » '  '  > 

UNC36:-'  '» 

UNANSWER:-' 


END ; 


(*  Call  to  procedure  directions*) 
(•  Call  to  procedure  qsubnum  *) 
(*  Clears  the  screen  *) 


(•  Begin  of  loop  to  process  •) 
(*  program  *) 

(•  Calls  the  heading  procedure  •) 

(*  Initializes  the  string  *) 

(*  knchl-icnch6  to  empty  *) 


(•  Initializes  the  string  •) 

(•  unchl-unch6  to  empty  *) 


(•  End  of  with  statement  •) 


READD ATA; 


(•  Call  to  readdata  procedure  *) 


CODE:-  TEMPCO; 

with  recpack 
do  begin 
a*:-  0; 


intr($la,recpack) ; 
initime:*  dx  ♦  32767 
•nd; 

xtiae: »  0.0; 

ATTPRINT; 

REPEAT 

SCREEN; 

PROMPT; 

CLRSCR; 

UNTIL  DONE  -  1; 

WITH  INFCARRAY  DO 
BEGIN 


(*  Repeat  the  following  calls  •) 
(*  Call  the  screen  procedure  *) 

(*  Cleats  the  screen  *) 

(*  Repeats  until  continue-B  *) 


(*  Being  of  the  with  statement*) 


WRITELN( '  Tour  final  answer  was  *,  guess); 

WRITELN; 

WRITELNC  The  correct  answer  is  ■ ,  UNANSWER) ;  (*  Writes  the  answer  *) 

(*  when  completed  •) 

WRITELN; 

WRITELN; 

WRITELN ( 'PRESS  ANY  KEY  TO  CONTINUE  TRIALS 
WRITELN; 

REPEAT 

UNTIL  KEYPRESSED; 

CLRSCR; 

END;  (*  End  of  the  with  statement  *) 

END;  (*  End  of  for  statement  loop  *) 


(•WRITELNC  STATEMENT  JUST  BEFORE  PERCENT  CALL  ')•) 
(•PERCENT*) 


CLOSE (OUTFILE) ; 


(•  End  of  the  main  program  *) 


43.77 


•U5K .•jLwXr> 


THV  W 


APPENDIX  B:  POST-EXPERIMENTAL  QUESTIONNAIRES 
Questionnaire  for  Manual  Conditions: 

1)  What  percentage  of  the  trials  do  you  think  you  answered 
correctly  for  each  of  the  three  sessions? 

%  for  first  day  _ 

%  for  second  day  _ 

%  for  third  day  _ 


2)  For  each  of  the  eight  animals,  give  the  percentage  of  trials 
where  the  animal  was  the  correct  answer.  That  is,  out  of  100%, 
what  percent  accounted  for  each  particular  animal? 

Rabbit  _ 

Groundhog  _ 

Deer  _ 

Bear  _ 

Squirrel  _ 

Owl  _ 

Hawk  _ 

Wolf  _ 


3)  Try  to  describe  the  strategy  you  used  during  the  trials. 


Questionnaire  for  Expert-Aided  Conditions: 

1)  On  a  scale  from  1  to  20,  rate  yourself  on  how  accurate  you 
think  YOUR  OWN  unaided  guesses  were  (as  you  did  each  trial,  how 
good  were  your  ideas  without  considering  the  help  you  received). 
In  rating  yourself,  1  »  extremely  inaccurate  and  20  *  perfect. 


2)  On  a  scale  from  1  to  20, 
think  it's  answers  were,  1  * 
perfect . 


•r.  s. 


rate  the  EXPERT  on  how  accurate  you 
extremely  inaccurate  and  20  ■ 
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3)  Was  the  expert  better  in  some  situations  than  others? 


4)  For  each  of  the  eight  animals,  give  the  percentage  of  trials 
where  the  animal  was  the  correct  answer.  That  is,  out  of  100%, 
what  percent  accounted  for  each  particular  animal? 

Rabbit  _ 

Groundhog  _ 

Deer  _ 

Bear  _ 

Squirrel  _ 

Owl  _ 

Hawl  _ 

wolf  _ 


5)  Try  to  describe  the  strategy  you  used  during  the  trials. 


i 

t 

* 

I 


6)  What  percentage  of  the  trials  do  you  think  you  answered 
correctly  for  each  of  the  two  sessions? 

i  %  for  first  day  _ 

r*. 

%  for  second  day  _ 

/. 
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APPENDIX  C:  ANALYSIS  OF  VARIANCE  TABLES  FOR  PHASE  I 


Source  Source  df 

Etrpt:  d£ 

Mult  £ 

Session 

8 

40 

3.89 

.01 

Attr.  Available 

4 

8 

6.81 

.01 

Diag . 

4 

8 

43.74 

.000 

Session  x  AA 

8 

40 

1.48 

ns 

Session  x  Diag. 

8 

40 

2.48 

.03 

AA  x  Diag. 

4 

8 

4.01 

.04 

Session  x  AA  x  Diag. 

8 

40 

1.97 

ns 

Analysis  of  Variance  for  PERCENT  CORRECT: 


Source  Source  d£  Error  d£  £  Prob. 


Session 

2 

22 

7.58 

.01 

Attr.  Available 

1 

11 

.07 

ns 

Diag . 

1 

11 

54.92 

.000 

Session  x  AA 

2 

22 

1.82 

ns 

Session  x  Diag. 

2 

22 

2.42 

ns 

AA  x  Diag. 

1 

11 

.12 

ns 

Session  x  AA  x  Diag 

.  2 

22 

4.00 

.03  * 

*  Considered  not  significant  because 

the  Multivariate 

analysis  was  not 

significant 

for  the  three-way 

interaction. 


Analysis  of  Variance  for  TIME  to  perform  the  task: 


Sft tfggfi 


Source  sUL 


Session 

Attr.  Available 
Diag . 

Session  x  AA 
Session  x  Diag. 

AA  x  Diag. 

Session  x  AA  x  Di. 


Error  di 


Prob. 


22 

19.02 

.000 

11 

.18 

ns 

11 

56.12 

.000 

22 

1.75 

ns 

22 

7.70 

.01 

11 

2.87 

ns 

22 

2.20 

ns 
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Analysis  of  Variance  for  Subjective  CERTAINTY: 


Source  SQUECP  41  EZIQC  41  £  Prob. 


Session 

2 

22 

.19 

ns 

Attr.  Available 

1 

11 

23.60 

.001 

Diag. 

1 

11 

52.38 

.000 

Session  x  AA 

2 

22 

1.20 

ns 

Session  x  Diag. 

2 

22 

4.06 

.03 

AA  x  Diag. 

1 

11 

2.07 

ns 

Session  x  AA  x  Di 

2 

22 

.38 

ns 

Analysis  of  Variance 

for  Number 

of  ATTRIBUTES 

REQUESTED: 

Source  SQIULSS  dl 

EEXOr  £1 

£ 

PXflk. 

Session 

2 

22 

.48 

ns 

Attr.  Available 

1 

11 

.73 

ns 

Diag. 

1 

11 

120.39 

.000 

Session  x  AA 

2 

22 

.51 

ns 

Session  x  Diag. 

2 

22 

4.30 

.03 

AA  x  Diag. 

1 

11 

.59 

ns 

Session  x  AA  x  Di 

2 

22 

1.59 

ns 

Analysis  of  Variance  for  PERFORMANCE  ESTIMATES: 


Source  Spuice  41 

EXE. PE  41 

£ 

PEPfr, 

Session  2 

22 

9.22 

.001 

Est.  Vs.  Actual  1 

11 

4.67 

.05 

Session  x  E/A  1 

11 

.55 

ns 

JC"*’**' 


^mrrr 


i 


! 


V' 

i 


i  * 


APPENDIX  D:  ANALYSIS  OF  VARIANCE  TABLES  FOR  EXPERIENCED 
SUBJECTS,  MANUAL  VS.  EXPERT-AID  CONDITIONS;  ANALYSTS  A 


Multivariate  Analysis  for  All  Dependent  Variables  Combined; 


SfiiLcgfi  Source 

di 

Sir<?c  di 

Mult.  £ 

Phase 

4 

8 

28.92 

.000 

Session 

4 

8 

4.11 

.04 

Attr.  Available 

4 

8 

7.33 

.01 

Diag . 

4 

8 

55.99 

.000 

Phase  x  Session 

4 

8 

.30 

ns 

Phase  x  AA 

4 

8 

1.53 

ns 

Phase  x  Diag. 

4 

8 

6.59 

.01 

Session  x  AA 

4 

8 

1.62 

ns 

Session  x  Diag. 

4 

8 

1.33 

ns 

AA  x  Diag. 

4 

8 

.95 

ns 

Phase  x  Session 

x  AA 

4 

8 

2.56 

ns 

Phase  x  Session 

x  Di 

4 

8 

.45 

ns 

Phase  x  AA  x  Diag. 

4 

8 

.95 

ns 

Session  x  AA  x  Diag. 

4 

8 

1.87 

ns 

Ph  x  Ses  x  AA  x 

Diag 

4 

8 

1.11 

ns 

Analysis  of  Variance  for 

PERCENT 

CORRECT; 

Source.  Source 

di 

Btipr  di 

E 

PfPfr. 

Phase 

1 

11 

7.41 

.02 

Session 

1 

11 

2.06 

ns 

Attr.  Available 

1 

11 

2.39 

ns 

Diag. 

1 

11 

155.46 

.000 

Phase  x  Session 

1 

11 

.48 

ns 

Phase  x  AA 

1 

11 

.48 

ns 

Phase  x  Diag. 

1 

11 

5.98 

.03 

Session  x  AA 

1 

11 

1.15 

ns 

Session  x  Diag. 

1 

11 

1.74 

ns 

AA  x  Diag. 

1 

11 

1.89 

ns 

Phase  x  Session  x  AA 

1 

11 

1.64 

ns 

Phase  x  Ses  x  Diag. 

1 

11 

.34 

ns 

Phase  x  AA  x  Diag. 

1 

11 

.46 

ns 

Session  x  AP  x  Diag. 

1 

11 

4.07 

ns 

Ph  x  Ses  x  AA  x  Diag 

1 

11 

.15 

ns 

6 
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SflMxga 


dl 


Ellsc  dl 


Frs>b., 


Phase 

1 

11 

46.91 

.000  * 

Session 

1 

11 

12.18 

.01 

Attr.  Available 

1 

11 

7.92 

.02 

Diag . 

1 

11 

93.45 

.000 

Phase  x  Session 

1 

11 

.09 

ns 

Phase  x  AA 

1 

11 

.00 

ns 

Phase  x  Diag. 

1 

11 

15.31 

.01 

Session  x  AA 

1 

11 

2.22 

ns 

Session  x  Diag. 

1 

11 

1.29 

ns 

AA  x  Diag. 

1 

11 

1.56 

ns 

Phase  x  Ses  x  AA 

1 

11 

.01 

ns 

Phase  x  Ses  x  Diag. 

1 

11 

.09 

ns 

Phase  x  AA  x  Diag. 

1 

11 

.59 

ns 

Ses  x  AA  X  Diag. 

1 

11 

6.01 

.03  ** 

Ph  x  Ses  x  AA  x  Diag 

1 

11 

.72 

ns 

*  This  variable  is  not  considered  because  the  subtasks 
required  changed  from  phase  I  to  phase  II,  affecting  the  time 
variable. 

**  Considered  not  significant  because  the  Multivariate 
analysis  was  not  significant  for  this  three-way  interaction. 


Analysis  of  Variance  for  Subjective  CERTAINTY: 
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Sd.mce  S.qursa  dl 

SUL2JL  <L£ 

£ 

Froth.. 

Phase 

1 

11 

6.08 

.03 

Session 

1 

11 

.10 

ns 

Attr.  Available 

1 

11 

18.02 

.001 

Diag. 

1 

11 

56.60 

.000 

Phase  x  Session 

1 

11 

.92 

ns 

Phase  x  AA 

1 

11 

3.30 

ns 

Phase  x  Diag. 

1 

11 

.00 

ns 

Session  x  AA 

1 

11 

1.53 

ns 

Session  x  Diag. 

1 

11 

.69 

ns 

AA  x  Diag. 

1 

11 

.54 

ns 

Phase  x  Ses  x  AA 

1 

11 

.83 

ns 

Phase  x  Ses  x  Diag. 

1 

11 

.79 

ns 

Phase  x  AA  x  Diag. 

1 

11 

2.05 

ns 

Day  x  AA  x  Diag. 

1 

11 

1.97 

ns 

Ph  x  Ses  x  AA  x  Diag 

1 

11 

1.07 

ns 

43.83 
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Analysis  of  Variance  for  Number  of  ATTRIBUTES  REQUESTED 


Source  SQaiSfi  d£  Error  d£  £ 


Phase 

1 

11 

11.26 

Session 

1 

11 

3.63 

Attr.  Available 

1 

11 

.43 

Diag. 

1 

11 

60.05 

Phase  x  Session 

1 

11 

.01 

Phase  x  AA 

1 

11 

.46 

Phase  x  Diag. 

1 

11 

1.49 

Session  x  AA 

1 

11 

4.05 

Session  x  Diag. 

1 

11 

.05 

AA  x  Diag. 

1 

11 

2.62 

Phase  x  Ses  x  AA 

1 

11 

1.27 

Phase  x  Ses  x  Diag. 

1 

11 

.45 

Phase  x  AA  x  Diag. 

1 

11 

1.48 

Session  x  AA  x  Diag. 

1 

11 

.19 

Ph  x  Ses  x  AA  x  Diag 

1 

11 

3.52 

43.84 
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APPENDIX  E:  ANALYSIS  OF  VARIANCE  TABLES  FOR  EXPERIENCED 
VS.  NOVICE  SUBJECTS,  PHASE  II;  ANALYSIS  B 


Multivariate  Apgjygis  £$£  Ml  Bfibeostent  Variables.  Combined: 


Source  Source 

£1 

Error  IE 

Mult..  £ 

Ex.ab.«. 

Exp.  vs.  Novice 

6 

17 

2.60 

.05 

Session 

6 

17 

5.72 

.002 

Attr.  Available 

6 

17 

3.60 

.02 

Diag . 

6 

17 

77.99 

.000 

E/N  x  Session 

6 

17 

.85 

ns 

E/N  x  AA 

6 

17 

.41 

ns 

E/N  x  Diag. 

6 

17 

5.10 

.01 

Session  x  AA 

6 

17 

2.57 

ns 

Session  x  Diag. 

6 

17 

4.24 

.01 

AA  x  Diag. 

6 

17 

3.68 

.02 

E/N  x  Session  x  AA 

6 

17 

1.01 

ns 

E/N  x  Session  x  Di. 

6 

17 

1.37 

ns 

E/N  x  AA  x  Diag. 

6 

17 

1.16 

ns 

Session  x  AA  x  Diag 

6 

17 

1.99 

ns 

E/N  x  Ses  x  AA  x  Di. 

6 

17 

.97 

ns 

Analysis  of  Variance  for 

PERCENT 

CORRECT: 

Source  Source 

21 

Err.gr  2£ 

E 

Rlgfr* 

Exp.  vs.  Novice 

1 

22 

4.19 

.05 

Session 

1 

22 

.10 

ns 

Attr.  Available 

1 

22 

9.68 

.01 

Diag . 

1 

22 

125.22 

.000 

E/N  x  Session 

1 

22 

.10 

ns 

E/N  x  AA 

1 

22 

.06 

ns 

E/N  x  Diag. 

1 

22 

.15 

ns 

Session  x  AA 

1 

22 

.01 

ns 

Session  x  Diag. 

1 

22 

4.02 

.05 

AA  x  Diag. 

1 

22 

.91 

ns 

E/N  x  Session  x  AA 

1 

22 

.36 

ns 

E/N  x  Session  x  Di. 

1 

22 

1.68 

ns 

E/N  x  AA  x  Diag. 

1 

22 

2.17 

ns 

Session  x  AA  x  Diag. 

1 

22 

8.96 

.01  * 

E/N  x  Ses  x  AA  x  Di. 

1 

22 

1.73 

ns 

*  Not  considered  significant  because  the  Multivariate 
analysis  was  not  significant  for  this  interaction. 


Analysis  of  Variance  for  Number  of  ATTRIBUTES  REQUESTED: 


Source  SOUIgg  df. 

Error  ££ 

l 

Prob. 

Exp.  vs.  Novice 

1 

22 

.06 

ns 

Session 

1 

22 

1.50 

ns 

Attr.  Available 

1 

22 

2.91 

ns 

Diagnosticity 

1 

22 

30.47 

.000 

E/N  x  Session 

1 

22 

.14 

ns 

E/N  x  AA 

1 

22 

.38 

ns 

E/N  x  Diag. 

1 

22 

2.81 

ns 

Session  x  AA 

1 

22 

8.85 

.01 

Session  x  Diag. 

1 

22 

.86 

ns 

AA  x  Diag. 

1 

22 

10.60 

.004 

E/N  x  Session  x  AA 

1 

22 

.01 

ns 

E/N  x  Session  x  Diag 

1 

22 

.07 

ns 

E/N  x  AA  x  Diag. 

1 

22 

.18 

ns 

Session  x  AA  x  Diag 

1 

22 

1.56 

ns 

E/N  x  Ses  x  AA  x  Di 

1 

22 

.01 

ns 

Analysis  of  Variance  for 

Number 

of  times 

EXPERT  was  ASKED: 

Source  Source  ££ 

Error  &£ 

£ 

El  Ob  * 

Exp.  vs.  Novice 

1 

22 

.24 

ns 

Session 

1 

22 

9.47 

.01 

Attr.  Available 

1 

22 

3.83 

.06 

Diagnosticity 

1 

22 

119.43 

.000 

E/N  x  Session 

1 

22 

.00 

ns 

E/N  x  AA 

1 

22 

1.47 

ns 

E/N  x  Diag. 

1 

22 

18.99 

.000 

Session  x  AA 

1 

22 

.30 

ns 

Session  x  Diag. 

1 

22 

.99 

ns 

AA  x  Diag. 

1 

22 

3.42 

ns 

E/N  x  Session  x  AA 

1 

22 

1.44 

ns 

E/N  x  Session  x  Diag 

1 

22 

1.60 

ns 

E/N  x  AA  x  Diag. 

1 

22 

5.43 

.03  * 

Session  x  AA  x  Diag. 

1 

22 

.18 

ns 

E/N  x  Ses  x  AA  x  Di 

1 

22 

.02 

ns 

*  Considered  not  significant  because  the  Multivariate 
analysis  was  not  significant  for  this  interaction. 
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Analysis  of  Variance  for  Number  of  times  EXPERT  was  USED 


SPMrCg  Source  Error  &£ 


l 


Exp.  vs.  Novice  1 
Session  2 
Attr.  Available  1 
Diagnosticity  1 
E/N  x  Session  1 
E/N  x  AA  1 
E/N  x  Diag.  1 
Session  x  AA  1 
Session  x  Diag.  1 
AA  x  Diag.  1 
E/N  x  Session  x  AA  1 
E/N  x  Session  x  Diag  1 
E/N  x  AA  x  Diag.  1 
Session  x  AA  x  Diag.  1 
E/N  x  Ses  x  AA  x  Di  1 


22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 


.43 

5.24 

.02 

14.69 

.49 

.66 

.63 

.47 

.26 

.25 

.67 

.30 

2.08 

.17 

.73 


Prob. 

ns 

.03 

ns 

.001 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 

ns 


APPENDIX  P:  ANALYSIS  OP  VARIANCE  TABLES  FOR  EXPERIENCED 
VS.  NOVICE,  FIRST  TWO  SESSIONS;  ANALYSIS  C 


Multivariate  Analysis  All  Dependent  variables  combined: 


Source 


Source  df 


Error  £1 


Mult.  £ 


ELStU 


Exp.  vs.  Novice 

4 

19 

11.60 

.000 

Session 

4 

19 

14.80 

.000 

Attr.  Available 

4 

19 

2.80 

.05 

Diagnosticity 

4 

19 

60.56 

.000 

E/N  x  Session 

4 

19 

1.18 

ns 

E/N  x  AA 

4 

19 

2.62 

ns 

E/N  x  Diag. 

4 

19 

4.06 

.01 

Session  x  AA 

4 

19 

1.45 

ns 

Session  x  Diag. 

4 

19 

7.44 

.001 

AA  x  Diag. 

4 

19 

7.21 

.001 

E/N  x  Session  x  AA 

4 

19 

1.11 

ns 

E/N  x  Session  x  Diag 

4 

19 

2.17 

ns 

E/N  x  AA  x  Diag. 

4 

19 

.73 

ns 

Session  x  AA  x  Diag. 

4 

19 

3.15 

.04 

E/N  x  Ses  x  AA  x  Di 

4 

19 

1.59 

ns 

Analysis  of  Variance  for  PERCENT  CORRECT: 


SflMIgg 


Source  di 


£xior.  di 


£ 


Prob. 


tv 

% 


Exp.  vs.  Novice  1 
Session  1 
Attr.  Available  1 
Diagnosticity  1 
E/N  x  Session  1 
E/N  x  AA  1 
E/N  x  Diag.  1 
Session  x  AA  1 
Session  x  Diag.  1 
AA  x  Diag.  1 
E/N  x  Session  x  AA  1 
E/N  x  Session  x  Diag  1 
E/N  x  AA  x  Diag.  1 
Session  x  AA  x  Diag.  1 
E/N  x  Ses  x  AA  x  Di  1 


Not  considered  significant 


22 

4.02 

.05 

22 

3.25 

ns 

22 

1.19 

ns 

22 

66.39 

.000 

22 

3.25 

ns 

22 

6.45 

.02 

22 

7.95 

.01 

22 

.41 

ns 

22 

5.85 

.02 

22 

6.12 

.02 

22 

.00 

ns 

22 

.93 

ns 

22 

.00 

ns 

22 

7.91 

.01 

22 

.12 

ns 

:ause 

the  Multivariate 

this 

interaction 

43.89 
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Analysis  of  Variance  for  TIME  to  perform  the  task: 


Source 


Source  &£.  Error  sL£ 


grab* 


Exp.  vs.  Novice 

1 

22 

23.51 

.000  * 

Session 

1 

22 

33.53 

.000 

Attr.  Available 

1 

22 

.05 

ns 

Diagnosticity 

1 

22 

45.45 

.000 

E/N  x  Session 

1 

22 

.72 

ns 

E/N  x  AA 

1 

22 

.82 

ns 

E/N  x  Diag, 

1 

22 

8.68 

.01 

Session  x  AA 

1 

22 

.60 

ns 

Session  x  Diag. 

1 

22 

7.14 

.01 

AA  x  Diag. 

1 

22 

.00 

ns 

E/N  x  Session  x  AA 

1 

22 

1.08 

ns 

E/N  x  session  x  Diag 

1 

22 

7.08 

.01  ** 

E/N  x  AA  x  Diag. 

1 

22 

1.81 

ns 

Session  x  AA  x  Diag. 

1 

22 

2.21 

ns 

E/N  x  Ses  x  AA  x  Di 

1 

22 

2.67 

ns 

*  The  main  effect  of 

Phase 

cannot  be 

considered 

because  of 

changes  in  the  subtasks  between  Phase  I  and  Phase  II 

**  Considered  not  significant  because  the  Multivariate 
analysis  was  not  significant  for  this  three-way  interaction 


Analysis  of  Variance  for  Subjective  CERTAINTY: 


SflALC££ 


Sonias  dl 


ELllsul  Sit 


Prob. 


Exp.  vs.  Novice  1 
Session  1 
Attr.  Available  1 
Diagnosticity  1 
E/N  x  Session  1 
E/N  x  AA  1 
E/N  x  Diag.  1 
Session  x  AA  1 
Session  x  Diag.  1 
AA  x  Diag.  1 
E/N  x  Session  x  AA  1 
E/N  x  Session  x  Diag  1 
E/N  x  AA  x  Diag.  1 
Session  x  AA  x  Diag.  1 
E/N  x  Ses  x  AA  x  Di  1 


.24 

.63 

10.66 

117.87 

.01 

1.92 

.20 

.20 

14.85 

1.58 

.49 

.04 

.92 

.05 

2.39 
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Analysis  of  Variance  for  Number  of  ATTRIBUTES  REQUESTED: 


Soutgfi  Source  d? 

Error  df 

E 

Exp.  vs.  Novice 

1 

22 

9.50 

.005 

Session 

1 

22 

.13 

ns 

Attr.  Available 

1 

22 

.20 

ns 

Diagnosticity 

1 

22 

50.84 

.000 

E/N  x  Session 

1 

22 

.10 

ns 

E/N  x  AA 

1 

22 

3.48 

ns 

E/N  x  Diag. 

1 

22 

4.05 

.05 

Session  x  AA 

1 

22 

3.13 

ns 

Session  x  Diag. 

1 

22 

.35 

ns 

AA  x  Diag. 

1 

22 

9.38 

.01 

E/N  x  Session  x  AA 

1 

22 

.85 

ns 

E/N  x  Session  x  Diag 

1 

22 

3.22 

ns 

E/N  x  AA  x  Diag. 

1 

22 

.86 

ns 

Session  x  AA  x  Diag. 

1 

22 

1.42 

ns 

E/N  x  Ses  x  AA  x  Di 

1 

22 

.01 

ns 
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Abstract 

In  triis  research,  2wo  undergraduates  constructed  an 
electrical  circuit  by  following  instructions  displayed  on  a 
microcomputer.  Type  of  explanatory  material,  sequential 
order  fcefore  or  after  instructions),  and  mode  of 
presentation  of  explanations  (integrated  or  non- integrated ) 
were  manipulated  to  explore  the  influence  of  explanatory 
text  added  to  instructions  on  execution  of  the  circuit 
assembly  task  as  well  as  on  the  knowledge  learned  about  the 
circuit  and  tne  ability  to  apply  tr.at  knowledge  to  new 
problem  solving  tasks  suer,  as  fault  diagnosis  and  circuit 
design.  Overall,  the  pattern  of  facilitation  effects  due  to 
tne  explanatory  material  suggested  an  advantage  for 
concrete,  structural  information,  especially  when  it 
followed  experience  with  concrete  procedures  and  objects. 

The  pattern  of  data  suggested  that  facilitation  effects 
obtained  m  tnis  study  *ere  more  liwely  to  have  been  at  a 
higher  leveL  of  organization  (e.g.,  mental  model  formation) 
than  at  a  lower  ieve,.  of  priming  or  repetition  processes.  A 
number  of  significant  ger.cer  differences  raised  questions 
concerning  information  processing  styles  of  men  and  women 
and  indicated  tne  importance  of  caution  in  generalizing  from 
results  obtained  with  one  gender  to  the  other.  Further 
research  is  needed  to  explore  the  mechanisms  underlying 
gender  differences  and  to  ascertain  how  such  differences 
mignt  necessitate  modification  of  guidelines  for  the  design 
of  human-computer  interactive  systems. 

44.2 


effects  of  Enriching  a  Compute: — Instructed 


Proceduralized  Task  with  Explanatory  Information 


As  aircraft  systems  become  increasingly  more  complex, 
the  need  for  automated  aids  for  maintenance  on  those  systems 
also  increases.  Assuming  that  computerized  fault  isolation 
will  become  the  rule  (and  manual  fault  isolation  the 
exception),  the  technician's  primary  task  will  evolve  into 
one  of  executing  procedures  according  to  instructions  from 
the  computer  aid.  Optimization  of  the  technician's 
performance  in  the  new  situation  requires  efforts  to  design 
aids  with  attention  to  the  abilities  and  limitations  of  the 
user,  if  eomputer-ai ding  is  to  be  successful,  answers  must 
be  sought  to  questions  concerning  what  types  of  information 
should  be  displayed,  how  information  should  be  presented, 
and  how  difficult  the  system  will  be  for  the  user  to 
operate.  In  brief,  the  success  of  computer-aided 
maintenance  ultimately  depends  upon  the  user's  ability  to 
interact  witn  the  computer  effectively. 


At  present  there  exists  little  research  which  is 
directly  related  to  performance  in  the  anticipated 
compute: — aided  context.  Furthermore,  it  is  not  yet  clear 
how  extens i ve--and  how  reliable — automated  maintenance  can 
become.  It  is  probable  that,  given  the  current  state  of 
technology,  there  will  remain  faults  that  are  not  located 
automatically  (Gunning,  1984;  Smillie,  1964).  As  the  degree 
of  automation  of  problem  solving  and  decision  making 
increases  and  the  task  of  the  technician  becomes 
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increasingly  procedural i zed ,  concern  for  generating  and 


maintaining  competence  at  levels  appropriate  to  the  demands 
of  infrequently  occurring  circumstances  should  also 
increase. 


Current  research  does  not  point  to  a  clear  method  of 
design  to  maximize  competence  in  such  situations.  The 
project  reported  here  represents  a  first  step  in  beginning  a 
line  of  research  to  address  this  question.  Specifically, 
this  study  was  designed  to  explore  the  utility  of 
explanatory  material  embedded  in  the  computerized  system, 
and  to  provide  a  better  understanding  of  the  underlying 
cognitive  processes  of  human-computer  interaction. 

An  important  issue  is  whether  the  computerized  aiding 
system  can  ce  designed  so  that  interaction  with  it 
facilitates  tr.e  development  of  useful  mental  representations 
of  the  equipment,  wnicn  would  enhance  troubleshooting 
ability.  One  possibility  is  the  development  of  enriched 
procedural  modes  to  facilitate  the  acquisition  of  knowledge 
about  the  equipment  while  executing  compute: — specified 
instruct  ions . 

Existing  data  ac  net  make  clear,  however,  whether 
adding  educative  material  (such  as  explanatory  statements! 
to  a  set  of  instructions  would  always  be  necessary  or 
desirable.  It  might  be  argued  that  in  the  procedural i zed 
task  supplementary  material  would  be  superfluous  and 
possibly  costly,  distracting  the  user. 
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Kieras  and  Bovair  (1983)  argued  that  an  understanding 
of  now  a  system  works  does  not  seem  to  be  necessary  if 
either  the  device  is  very  simple  or  the  procedures  for  its 
use  are  well  known  (e.g.  our  use  of  the  telephone).  On  the 
other  hand,  some  evidence  exists  to  suggest  that  enriched 
understanding  may  benefit  a  proceduralized  task.  For 
example,  using  a  device  designed  specifically  for  their 
research,  Kieras  and  Bovair  found  that  a  mental  model 
facilitated  learning  to  operate  the  device. 

Consistent  with  the  Kieras  and  Bovair  (1983)  finding, 
Smith  and  Goodman  (in  press)  found  that  supplementing 
procedural  instructions  with  explanatory  material  benefitted 
performance  in  a  task  requiring  assembly  of  an  electrical 
circuit.  In  particular,  explanatory  material  facilitated 
understanding  of  instructions  as  evidenced  by  faster  reading 
times.  The  explanatory  statements  were  of  two  types,  both 
of  which  provided  higher-level  information  in  an 
hierarchical  arrangement  in  which  instructions  often 
functioned  as  instantiations  (i.e.,  concrete  examples)  of 
higher  level  concepts.  One  type  of  explanation  incorporated 
structural  information  concerning  the  components  of  the 
circuit  and  their  interconnections.  The  other  type  of 
explanation  provided  functional  information  by  emphasizing 
the  dynamics  of  current  flow. 
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One  aspect  of  Smith  and  Goodman's  (in  press)  results  is 
particularly  relevant  to  the  question  of  facilitating  active 
fault  diagnosis.  Their  findings  suggested  that  functional 
explanations  might  enhance  the  ability  to  reason  about  the 
circuit  and  to  troubleshoot  faulty  versions  of  the  circuit. 
Unfortunately,  the  evidence  on  this  issue  was  not 
conclusive,  because  the  obtained  differences  did  not  reach 
statistical  significance. 

Although  these  results  are  suggestive,  the  presence  of 
some  marginal  effects  and  inconsistencies  in  results  across 
experiments  leaves  unresolved  the  issue  of  the  type  of 
effects  produced  by  explanatory  enrichment.  Also,  the 
formulation  of  general  guidelines  for  the  nature  and  format 
of  explanatory  statements  for  application  to  other  tasks 
presupposes  some  level  of  understanding  of  the  mechanisms 
underlying  the  effects.  Although  Smith  and  Goodman  offered 
suggestions  as  to  possible  mechanisms  such  as  preactivation, 
instantiation,  context,  mental  model-  formation, 
justification,  goal  direction,  and  hierarchical 
representation,  their  studies  were  not  designed  to 
distinguish  among  such  different  causative  factors. 

The  purpose  of  the  present  study  was  twofold:  (1)  to 
obtain  more  convincing  evidence  of  the  utility  and 
effectiveness  of  explanatory  material  embedded  in 
computer-aid  prompts,  and  (2)  to  explore  the  nature  of  the 
mechanisms  underlying  facilitation  effects. 
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In  pursuit  of  the  first  objective,  pilot  testing  was 
used  to  produce  a  different  version  of  the  task  modified  to 
avoid  the  ceiling  effects  on  performance  encountered  by 
Smith  and  Goodman  and  to  reduce  certain  inconsistencies  in 
information  and  presentation.  For  example,  in  the 
explanatory  material  used  by  Smith  and  Goodman,  some 
statements  presented  a  higher  level  concept  which  was 
instantiated  in  the  following  instruction.  In  others,  a 
concept  was  introduced  in  the  statement  and  then  repeated  in 
the  instruction.  Also  inconsistent  was  the  order  of 
presentation  of  the  explanatory  material  with  explanation 
sometimes  preceding  the  instruction  and  sometimes  following 
it. 

Such  inconsistencies  make  it  difficult  to  evaluate 
whether  enhancement  effects  are  related  to  processes  3uch  a3 
preactivation  in  the  form  of  repetition  or  instantiation,  to 
context  effects,  or  to  mental  model  formation.  Toward  the 
second  goal,  the  explanatory  statements  will  be  modified  to 
minimize  inconsistencies  and  to  promote  a  better 
understanding  of  the  cognitive  processes  responsible  for 
facilitation  effects. 

The  manipulation  of  two  new  variables  in  the  current 
design  was  intended  to  contribute  both  to  an  understanding 
of  the  mechanisms  underlying  the  effects  of  explanatory 
material  and  to  an  identification  of  stylistic  features  of 
the  presentation  mode  which  are  important  in  producing  the 
facilitating  effect.  The  design  included  two  sequential 


orders  of  explanation  in  each  of  two  conditions  of 
integration.  The  statements  were  presented  either  before  or 
after  the  instructions  to  help  determine  whether  the 


enhancement  depends  upon  preactivation  or  context  effects. 


Preactivation  and  context  explanations  require  that  the 


information  precede  the  instructions  (Bransford  and  Johnson, 


1972,  1973;  Bransford  and  McCarrell,  1977).  Furthermore, 


lower  level  preactivation  processes  would  require  that  each 


priming  concept  be  displayed  immediately  preceding  its 


corresponding  instruction,  whereas  a  highei — level 


assimilation-into-context  process  could  function  also  in  a 


condition  in  which  the  explanatory  material  was  given  in  a 


block  of  information  prior  to  the  set  of  instructions  in  a 


non-integrated  fashion. 


The  manipulation  of  the  integrated/ non-integrated 


dimension  and  the  type  of  information  were  designed  to  help 


clarify  issues  concern* ng  the  development  of  mental  models. 


The  quality  of  the  mental  model  about  the  circuit  acquired 


during  the  task  was  assessed  in  tests  administered  following 


task  completion.  If  concreti zat ion  is  critical  to  model 


development,  that  quality  should  be  superior  in  the 


integrated  condition. 


Method 


Subjects 


m 


One  hundred  sixty  undergraduates  were  tested 
individually,  20  in  each  of  the  8  experimental  conditions. 

An  additional  80  subjects  participated  in  the  control 
condition,  in  which  no  explanatory  material  accompanied  the 
assembly  instructions.  Only  students  who  reported  no  prior 
formal  or  informal  training  in  physics  or  electronics  (other 
than  high  school  science)  were  allowed  to  participate  in  the 
study.  The  total  testing  session  required  approximately  an 
hour  and  15  minutes,  with  a  few  subjects  taking  up  to  2 
hours  to  complete  all  tests. 

Design 

The  experiment  was  comprised  of  two  stages.  In  stage 
1 ,  subjects  assembled  a  simple  electrical  circuit  by 
following  instructions  displayed  on  an  IBM  PC.  In  3tage  2, 
subjects  completed  five  tests  designed  to  assess  their 
knowledge  about  the  circuit  they  had  constructed  and  their 
ability  to  apply  the  newly  acquired  knowledge  to  new, 
related  tasks. 

Three  independent  variables  were  manipulated  in  stage  1 
in  a  2  X  2  X  2  between-sub jects  factorial  design.  The  first 
factor,  sequential  order,  consisted  of  two  levels  with 
explanatory  statements  presented  either  before  or  after  the 
instructions.  The  second  factor,  integration,  involved  the 
arrangement  of  the  explanatory  statements  as  either 
Incorporated  into  the  set  of  instructions  as  did  Smith  and 
Goodman  (in  press)  or  as  a  non-integrated  block  separate 


from  the  instructions.  The  third  factor,  type  of 


explanation,  refers  to  the  cwo  kinds  of 


information — structural  or  functional.  The  study  also 


included  a  condition  in  which  the  instructions  were 


presented  without  supplementary  information.  This  condition 


served  as  a  baseline  control  group. 


Procedure 


Twenty  subjects  were  tested  individually  in  each  of  the 


eight  conditions  as  outlined  in  Figure  1.  The  procedures 


and  circuit  assembly  task  were  modelled  after  those  used  by 


Smith  and  Goodman.  To  avoid  ceiling  effects  encountered  by 


Smith  and  Goodman,  a  slightly  more  complex  circuit  was  used. 


Each  subject  assembled  a  circuit  involving  a  battery,  two 


double-throw  switches,  and  two  small  light  bulbs. 


Instructions  and  explanatory  statements  were  displayed  by  an 


ISM  PC. 


Upon  reading  each  statement,  the  subject  pressed  one  of 


two  keys  to  signal  either  readiness  to  continue  or  a  request 


to  return  to  a  previous  statement.  The  key  press  enabled 


times  for  the  first  reading  to  be  recorded  for  each 


statement  and  resulted  in  a  prompt  which  remained  on  the 


screen  while  the  subject  executed  the  instructed  step.  A. 


second  key  press  was  required  to  request  display  of  the  next 


statement  so  that  execution  times  for  each  step  would  be 


recorded.  Reading  and  execution  times  are  the  main 


dependent  variables  by  which  performance  on  the 
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procedural! zed  task  can  be  evaluated. 


In  the  integrated  conditions,  explanatory  statements 


were  interspersed  throughout  the  set  of  instructions  (See 


Appendix  A  for  instructions  and  explanatory  statements.)  In 


the  before  condition,  explanations  always  preceded  the 


relevant  task  instruction,  and  in  the  after  condition, 


explanations  always  followed  the  relevant  instruction.  In 


the  non-integrated  conditions,  all  of  the  explanatory 


material  was  presented  either  before  or  after  the  entire  set 


of  instructions.  The  explanatory  statements  were  written  to 


enhance  knowledge  about  the  circuit  in  either  of  two  ways. 


The  structural  material  emphasized  structural. 


organizational  aspects  of  the  circuit  (e.g.,  labelling 


components  and  structural  units),  whereas  the  functional 


explanations  stressed  the  way  in  which  the  circuit  would 


operate.  The  structural  statements,  therefore,  contained 


simpler  content,  while  the  functional  statements  provided 


information  which  was  probably  less  familiar  to  the 


subjects. 


Upon  completion  of  the  circuit  assembly  task,  each 


subject  tested  the  three  major  portions  of  the  circuit  to 


ensure  that  the  circuit  had  been  constructed  correctly. 


Following  the  successful  construct  ion,  the  experimenter 


removed  the  assembled  circuit  and  gave  the  subject  an 


identical  set  of  unassembled  components  for  the  subject  to 


reconstruct  the  circuit  from  memory.  Subjects  were  allowed 


a  maximum  of  30  minutes  for  this  reconstruction. 
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After  the  reconstructed  circuit  was  removed,  each 
subject  was  asked  to  draw  a  diagram  of  the  interconnections 
among  the  battery,  the  switches,  and  the  lamps  using 
different  colors  to  represent  different  functional  portions 
of  the  circuit  (See  Appendix  B  for  all  testing  materials.) 
The  diagram  task  was  followed  by  a  fault  diagnosis  test  in 
which  subjects  were  presented  with  eight  diagrams  of 
circuits  intended  to  achieve  the  functions  of  the  circuit 
they  had  constructed.  Their  task  was  to  determine  whether 
or  not  a  fault  existed,  describe  any  faults,  answer 
questions  concerning  the  function  of  the  faulty  circuit,  and 
correct  any  faults  present.  Next  they  were  asked  to  design 
a  new,  slightly  more  complex  circuit  which  would  function  in 
a  prescribed  fashion.  Finally,  they  were  to  determine  the 
effects  of  failure  of  each  of  two  components  in  two 
circuits--one  identical  to  the  circuit  they  had  assembled 
and  O' e  a  modified  version  of  that  circuit. 

Results 


Cell  Assembly  Task 

A  2X2X2  between-subjects  analysis  of  variance  was 
used  to  analyze  each  of  6  dependent  measures,  four  of  which 
were  reading  times  and  two  of  which  were  execution  times. 
Analysis  of  total  initial  reading  times  for  the  instructions 
(Table  1)  yielded  no  significant  effects  fdr  any  of  the 
independent  variables  (Integration,  Order,  Type  of 
Explanation).  The  analysis  of  total  reading  times  including 
additional  time  spent  rereading  instructions  (Table  2)  also 
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demonstrated  no  significant  differences  among  conditions. 


Total  times  to  read  the  explanatory  statements  were 
also  analyzed  with  and  without  including  rereading  time. 
Total  initial  times  to  read  explanations  were  significantly 
longer  (Table  3)  when  the  explanations  preceded  the 
instructions  (M  -  249.60  sec)  than  when  they  followed 
instructions  (H  -  213.03  sec) ,  £(  1  , 1 52)  -  5.32,  £<.02.  As 
expected,  the  functional  statements  took  significantly 
longer  to  read  (il  ■  258.06  sec)  than  did  the  structural  (M.  * 
204.57  sec),  F( 1,152)  -  11.82,  £,<.001.  Analysis  of  total 
times  to  read  explanations  including  rereading  time  (Table 
4)  showed  the  same  significant  main  effects  of  order, 
£(1,152)  -  8.00,  g<.006,  and  of  type  of  explanation, 

£(1,152)  -  8.81  ,  £<.004. 


Although  reading  time  reflects  ease  or  difficulty  of 
comprehension  of  the  instructions,  comprehensibility  of  the 
instructions  sho  .id  be  reflected  also  in  the  time  needed  to 
execute  commands.  For  example,  in  certain  situations,  an 
instruction  might  be  read  quickly  with  a  particular 
understanding  in  mind,  but  the  understanding  may  be  in  fact 
erroneous  or  inadequate  and  result  in  interference  during 
execution.  From  this  perspective,  therefore,  execution 
times  might  be  considered  as  another  estimate  of 
comprehensibi li ty  of  instructions.  In  the  analyses  of  total 
execution  times  (Tables  5  and  6),  with  and  without 
additional  time  to  correct  a  faulty  maneuver,  no  effects 
were  significant,  but  the  Integration  by  Order  by  Type  of 
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Explanation  interaction  approached  significance  in  both 
cases,  F(1 ,152)  -  3-57,  p<.06  and  F (  1 ,152)  -  3-22,  p<. 07, 
respectively.  The  pattern  of  data,  similar  for  both 
dependent  measures,  suggested  that  explanatory  material 
facilitated  execution  of  commands  only  when  the  information 
was  structural  and  presented  in  a  block  prior  to  the  task, 
i.e.,  in  the  structural,  non- integrated ,  before  condition. 

Variability  in  the  data  across  subjects  was  fairly 
high.  Whereas  Smith  and  Goodman  had  included  only  women  in 
their  experiments,  overall  the  present  study  included  103 
men  and  137  women;  of  most  concern,  the  experimental 
conditions  included  74  men  and  86  women.  If  men  and  women 
differ  in  either  aptitude  or  style  of  information  processing 
on  tasks  such  as  circuit  assembly,  variability  due  to  gender 
might  mask  other  effects.  In  the  literature  on  human 
cognitive  processing,  gender  differences  have  been  reported 
in  verbal,  spatial,  and  mathematical  abilities,  perceptual 
speed,  motor  skills,  and  context  sensitivity  (Hyde,  1985). 
Therefore,  the  current  data  were  reanalyzed  with  gender  as  a 
subject  variable,  despite  the  presence  of  unequal  numbers  of 
men  and  women  across  conditions. 

Main  effects  of  gender  were  significant  in  the  analyses 
of  initial  execution  times,  F(l,144)  »  5.44,  p<.03,  and 
total  execution  times  including  re-execute  time,  F ( 1 ,144)  ■ 
6.66,  p< .  0 1  .  Men's  first  execution  attempts  were  faster  (M_- 
668.41  sec)  than  were  women's  (M  -  743.02  sec),  and  men's 
total  times  to  execute  commands  were  faster  (M  -  702.68  sec) 
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than  were  women's  (M  -  792.98  sec). 

Analyses  of  total  times  to  read  the  explanations,  with 
and  without  reread  times  included,  again  yielded  significant 
main  effects  of  order,  F(1 ,144)  -  4.49,  p<.04,  and  £(1,144) 

-  7.04,  p<.01 ,  respectively,  and  of  type  of  explanation, 
£(1,144)  >  3.65,  p<.004 ,  and  £(1 ,144)  -  6.61  ,  p<.02, 
respectively,  but  no  significant  effects  due  to  gender. 

While  the  analysis  of  initial  times  to  read 
instructions  showed  no  significant  effects,  total  times  to 
read  instructions  including  rereading  time  differed 
significantly  as  a  function  of  a  gender  by  type  of 
explanation  interaction,  F(1,144)  -  4.29,  p<.04.  The 
pattern  of  data  suggests  that  men  3pend  more  time  reading 
instructions  when  functional  information  i3  present,  whereas 
women  spend  more  time  reading  instructions  when  structural 
information  is  added.  The  gender  differences  obtained  in 
the  experimental  conditions  are  particularly  interesting, 
because  men  and  women  did  not  differ  significantly  on  any  of 
the  four  dependent  measures  in  the  control  condition  (Table 
7). 

Knowledge  About  the  Circuit 

The  knowledge  and  skills  acquired  during  the  circuit 
assembly  task  were  assessed  in  several  tests  administered 
following  successful  construction  of  the  circuit.  Recall 
for  the  assembly  procedure  was  tested  by  having  subjects 
reconstruct  the  circuit  from  memory.  Since  not  all  subjects 
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were  able  to  reconstruct  the  circuit  correctly,  a  scoring 
system  was  devised  to  reflect  accuracy  of  recall.  Analysis 
of  these  scores  (Table  8)  indicated  no  significant  effects 
of  the  independent  variables  on  recall. 

Memory  was  evaluated  also  in  another  format  designed  to 
reflect  knowledge  about  the  three  major  functional  units  of 
the  circuit.  In  this  test,  the  subject  was  asked  to  diagram 
the  interconnections  of  each  of  the  functional  units  in  a 
different  color.  Performance  was  scored  separately  for  each 
of  the  three  units,  and  the  three  scores  were  summed  to 
provide  an  overall  measure  (Table  9).  Of  the  analyses  of 
these  four  scores,  only  one  provided  a  significant  result. 
The  Integration  by  Order  interaction  was  significant  in  the 
analysis  of  scores  representing  accuracy  of  the  diagram  of 
the  first  portion  of  the  circuit  assembled,  £0,152)  -  5-51, 
p<. 02 .  The  pattern  of  the  data  suggested  that  knowledge  was 
better  when  explanations  followed  instructions,  but  only  if 
they  had  been  integrated  into  the  set  of  instructions. 

Performance  on  each  of  the  eight  fault  diagnosis 
problems  was  summed  to  yield  a  composite  fault  diagnosis 
score  (Table  10).  Analysis  of  this  performance  measure 
demonstrated  a  significant  main  effect  of  type  of 
explanation,  £0,152)  -  5.22,  p<.03,  with  scores  for  the 
structural  condition  higher  (M  »  36.70)  than  those  for  the 
functional  condition  (M  *  3006).  One  of  the  eight  problems 
required  knowledge  that  was  not  presented  explicitly  during 
the  circuit  assembly  task.  Therefore,  the  fault  diagnosis 
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data  were  reanalyzed  after  removing  that  problem  from  the 
total  score.  Again,  structural  information  was  associated 
with  significantly  better  performance  (M  »  32.74)  than  was 
functional  (M  -  27.  U 3 )  ,  £(1,152)  =  4.59,  p<.04.  Also, 
scores  were  higher  in  conditions  in  which  the  explanations 
followed  instructions  (M  =  32.63)  than  in  those  in  which 
they  preceded  instructions  (M  -  27.59),  £(1,152)  *  4.21,  p < 
.05. 

A  single  score  was  derived  to  reflect  performance  on 
the  task  requiring  subjects  to  design  a  new  circuit  (Table 
11).  Subjects  who  had  received  structural  information 
during  the  assembly  task  scored  significantly  higher  (M  - 
’9.26)  than  did  subjects  who  had  been  given  functional 
information  (M  =■  16.94),  £(1,152)  »  4.69,  pc. 04.  Analysis 
of  subjects'  ability  to  predict  the  effects  of  failed 
connections  in  a  circuit  like  the  one  they  had  assembled 
yielded  no  significant  effects  (Table  12). 

As  with  the  reading  and  execution  times  reported  above, 
the  test  data  were  reanalyzed  with  gender  as  a  subject 
factor.  There  were  no  significant  differences  between  men 
and  women  on  any  of  the  nine  dependent  measures  in  the 
control  condition  (Table  13).  However,  gender  differences 
emerged  in  almost  all  of  the  analyses  performed  on  data  from 
the  experimental  conditions. 
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Men  reconstructed  the  circuit  from  memory  significantly 
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8.50,  p<t.004. 

accurately  (M 

£ 

>  4.08,  p<.05. 

2  of  the  3  functional  units,  £(1,144)  -  4.10,  p<.05,  and 
£(1,144)  »  6.44,  _p<.C2.  As  in  the  overall  analysis  reported 
above,  an  Integration  by  Order  interaction,  £(1,144)  =  4.76, 
p<.03,  suggested  that  knowledge  about  tne  first  unit 
constructed  was  enhanced  only  when  information  was 
integrated  into  the  instructional  set  and  followed  the 
relevant  instruction. 


'.’VV 


In  general,  men  performed  significantly  better  on  the 
fault  diagnosis  problems  (M  =  36.55)  than  did  women  (M.  - 
31.01),  £(1,144)  *  4.39,  p<..Gu.  Structural  information  was 
somewhat  more  helpful  (M  *  36.70)  than  was  functional 
information  (M  =»  30.45),  £(1,144)  =  6.16,  p<.02.  However, 
these  main  effects  must  be  considered  in  light  of  their 
interaction  with  Order  and  Integration,  Ft l  ,144)  »  7.56,  p  <t 
.01.  This  pattern  of  data  (Table  14)  suggests  that  women 
benefitted  less  from  the  addition  of  explanatory  material 
than  did  the  men.  Women's  performance  was  enhanced  by 
explanations  only  when  the  information  was  structural  and 
presented  in  a  block  prior  to  the  task,  i.e.,  in  the 
structural,  non-integrated ,  before  condition.  Men's 
performance  was  enhanced  especially  when  information  was 
integrated  into  the  instructional  set,  except  if  the 
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information  wa3  functional  and  appeared  before  the  relevant 
instruction.  This  pattern  of  data  remained  the  same  after 
the  one  problem  requiring  information  not  explicitly 
presented  during  the  assembly  task  was  removed  from  the 
overall  scores. 

A  similar  pattern  of  results  emerged  from  the  analysis 
of  the  scores  on  the  circuit  design  task  (Table  15).  The 
Gender  by  Integration  by  Order  by  Type  of  Explanation 
interaction,  F(1,1m4)  =  7.52,  pk.01  ,  again  suggested  that 
additional  information  was  useful  to  women  in  fewer 
conditions  than  was  the  case  for  men.  Women  performed  best 
when  information  was  not  integrated  into  the  instructional 
set,  but  was  present  as  a  block — before  the  instructions 
when  it  was  structural  and  after  the  instructions  when  it 
was  functional.  Men  performed  best  vhen  the  information  was 
structural  and  integrated  into  the  instructions.  When  the 
structural  information  was  not  integrated,  it  was  better  if 
it  followed  the  task. 

A  significant  four-way  interaction  was  also  present  in 
t.ne  analysis  of  the  scores  (Table  16)  on  the  task  requiring 
an  understanding  of  the  effects  of  failure  of  different 
circuit  connections,  F(1,144)  »  12.29,  p<.001 .  These  data 
suggest  little  or  no  positive  influence  of  the  explanatory 
material  on  this  task.  However,  men's  performance  was  again 
poor  in  the  integrated,  functional,  before  condition,  while 
women's  performance  was  again  best  in  the  non-integrated , 
structural,  before  condition. 
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Discussion 


Circuit  Assembly  Task 

Overall,  the  addition  of  explanatory  material  had  no 
effect  on  the  speed  of  reading  the  instructions  in  the 
circuit  assembly  task.  However,  the  explanatory  statements 
were  read  more  quickly  when  they  had  followed  the 
instructions  than  when  they  had  preceded  tnem,  with 
functional  explanations  requiring  more  time  than  structural. 


higher  than  that  of  simple  repetition,  priming,  or  lc«er 
level  preactivation.  Rather,  it  seems  more  likely  that  the 
effect  is  one  of  formation  of  an  organizational  framework 
(schema,  context,  or  mental  model)  within  which  difficult 
new  material  can  be  understood  and  retained. 

Knowledge  About  the  Circuit 
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Immediate  memory  for  the  assembly  task  and  for  the 
structure  of  the  circuit  was  not  benefitted  by  the  inclusion 
of  explanatory  material.  The  absence  of  such  influence  is 
not  surprising,  given  the  fact  that  the  introduction  of 
additional  content  increased  the  overall  amount  of 
information  to  be  processed  during  the  assembly  task.  Of 
greater  theoretical  as  well  as  practical  interest, 
therefore,  are  the  effects  of  explanatory  content  on  the 
tests  which  required  the  application  of  knowledge  about  the 
circuit  to  new  types  of  problems.  Performance  on  fault 
diagnosis  problems  was  better  when  subjects  had  received 
structural  information  than  when  they  had  been  given 
functional  explanations.  Also,  fault  diagnosis  scores  were 
higher  when  the  explanations  had  followed  than  when  they  had 
preceded  instructions . 


Ability  to  design  a  new  circuit  was  also  better  for 
subjects  who  had  been  exposed  to  the  structural  information 
than  for  those  exposed  to  the  functional.  An  important 
question  is  whether  the  subjects  in  the  structural 
conditions  solved  the  fault  diagnosis  and  the  new  circuit 
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design  problems  by  using  different  strategies  than  did  the 
subjects  in  the  functional  conditions.  Further  research  is 
needed  to  explore  such  issues  relevant  to  the  influence  of 
explanatory  material  on  mental  model  formation  and  problem 
solving  styles. 

Gender  Differences 

Analysis  of  the  current  data  uncovered  an  issue 
important  from  both  theoretical  and  applied  perspectives. 

The  literature  on  cognitive  processing  in  fault  diagnosis 
and  human-computer  interaction  which  is  currently  available 
(Yaworsky,  198*0  has  not  addressed  the  question  of  possible 
gender  differences  in  such  situations.  The  finding  of 
gender  differences  in  the  present  study  suggests  a  need  for 
caution  in  generalizing  results  obtained  with  one  gender  to 
the  other. 

The  gender  differences  obtained  in  this  experiment  are 
especially  intriguing,  because  no  gender  differences  were 
significant  for  any  of  the  dependent  variables  in  the 
control  condition.  The  fact  that  men  and  women  differed 
only  when  explanatory  material  enriched  the  instructional 
set  suggests  that  ( 1 )  the  task  and  tests  were  not  biased  in 
themselves  in  favor  of  men,  at  least  with  respect  to  the 
present  sample,  and  (2)  overall,  men  were  able  to  make 
better  use  of  the  added  information  than  were  women.  In  the 
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experimental  conditions,  men  executed  commands  more  quickly, 
reconstructed  the  circuit  from  memory  and  diagrammed  its 
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functional  subunits  more  accurately,  and  scored  higher  on 
the  fault  diagnosis  problems  than  did  women. 

These  main  effects  of  gender  must  be  interpreted  with 
caution,  however,  in  light  of  several  significant 
interactions.  One  pattern  emerging  from  the  data  suggested 
that  men  had  difficulty  when  functional  information  preceded 
instructions  in  the  integrated  mode  and  that  women 
benefitted  from  the  enrichment  in  fewer  conditions  than  did 
the  men.  Women  seemed  to  benefit  most  when  structural 
information  was  provided  in  a  block  prior  to  the  task. 
Further  research  is  needed  to  gain  a  clear  understanding  of 
the  mechanisms  underlying  the  gender  differences.  Also, 
with  regard  to  practical  guidelines  for  design  of 
computer-aided  systems,  one  cannot  assume  that  conditions 
which  will  enhance  women's  performance  will  also  necessarily 


enhance  that  of  men. 
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Figure  1.  Experimental  Design. 
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Display  Mode 


Integrated 


Non-Integrated 


Order  Type  of  Explanation 


Pype  of  Explanation 


Control 


Structural  Functional  Structural  Functional 


Before  384.35  416.74 


451.31  432.75  392.32 


After  406.50  407.55 


426.09  382.11 


Mean  395*43  412.15 


438.70  407.43 


Note.  Times  are  reported  in  seconds. 


N  -  240. 
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Display  Mode 
Integrated 

Order  Type  of  Explanation 


Non-I ntegrated 

Ty.pe  of  Explanation  Control 


Structural  Functional  Structural  Functional  Mean 


i\ 
m 


Before 

434.23 

456.14 

497.33 

492.98 

After 

453.55 

449.41 

460.98 

428.73 

Mean 

443.89 

452.78 

479.1  6 

460.86 

Note.  limes  are  reported  in  seconds. 
N  =■  240 . 
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-able  3 


^-ga.n..Total  Initial  Reading  Times  For  Exolanat i 


display  Mode 


Integrated 


Non-Integrated 


0rder  Type  of  Explanation  Type  of  Explanation 
Structural  Functional  Structural  Functional 


Before  224.08  259.86  215.36  299.07 

After  138.46  257.21  190.35  216.09 


“lean  206.27  258.54  202.86  257.58 


tote.  Times  are  reported  in  seconds. 
N  «  240. 
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Table  4 

Mean  Total  Reading  Times  For  Explanations 


Display  Mode 


Order 


Integrated 
Type  of  Explanation 
Structural  Functional 


N'on-Integrated 
Type  of  Explanation 
Structural  Functional 


3efore 

233.67 

272.62 

246.84 

317.22 

After 

192.73 

267.60 

196.59 

217.73 

Mean 

21 3.20 

270.1  1 

221  .72 

267.48 

Note. 

Times  are 

reported  in 

seconds . 

TaDle  6 
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Mean  Total  Execution  Times 


Order 

Display 

Mode 

Integrated 

Tvne  of  Explanation 

Non-Integrated 

Tvpe  of  Exolanation 

Control 

Mean 

Structural 

Funct ional 

Structural 

Funct ional 

3ef  ore 

765.94 

732.31 

687.59 

797.90 

761 .84 

After 

724.73 

737.23 

768.44 

745.54 

Mean 

745.36 

759.77 

728.02 

771  .72 
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Mean  Readinct  and  Execution  Times  For  Men  and  women  in 


ol  G 


Execution  Times 

Initial 

705.23 

717.68 

Total 

758.30 

760.94 

Reading  Times 

Initial  Instruction 

401 .5^ 

379.48 

Total  Instruction 

442.85 

417.91 

Jote.  Times  are  reported  in  seconds 
N  »  58. 


Table  9 


Mean  Scores  on  the  Circuit  Diagram 


Order 


Total 


Display  Mode 


Integrated 


Non-Integrated 


Type  of  Explanation  Type  of  Explanation 


Structural  Functional  Structural  Functional 


Before  20.50 


After  22.90 


17.35 

20.35 


20.30 


21  .95 


18.55 

19.60 


Part  A 


3efore  6.90 


After  7.60 


Part  B 


Before 


A  f  ter 


Before  7.95 


After  8.70 


Note.  Total  possible  scores  were  9  for  Part  A,  9  for  Part  B 
18  for  Part  C,  and  36  for  the  total. 
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Table  1 1 


Order 


After 


Display  Mode 


Integrated 


Non-Integrated 


Type  of  Explanation  Type  of  Explanation 


Structural  Functional  Structural  Functional 


Before  19.55 


20.10 


17.65 


18.75 

18.65 


15.50 


19.30 


$ 

>>> 

§ 

i 


Note.  Total  possible  score  *  26. 
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Table  12 

Mean  Scores  on  the  Teat  of  Failed  Connections 

Display  Mode 

Integrated  Non-Integrated 

Order  Type  of  Explanation  Type  of  Explanation 


Structural  Functional  Structural  Functional 


Table  1 3 


Mean  Test  Scores  For  Men  and  Women  in  the  Control  Group 


Test 

Men 

Women 

Reconstruction 

11 .10 

1 1  .55 

Diagram,  Total 

21 .31 

21 .24 

Diagram,  Part  A 

6.69 

6.62 

Diagram,  Part  B 

5.62 

5.93 

Diagram,  Part  C 

9.00 

8.69 

Fault  Diagnosis 

36.03 

32.55 

Circuit  Design 

17.93 

17.45 

Failed  Connections 

14.H5 

13.52 

Note .  N  »  58,  including  29  men  and  29  women. 


Table  15 


Mean  Scores  on  the  Circuit  Design  Task  For  Men  and  Women 


Display  Mode 


Integrated  Non-Integrated 

Gender  Order  Tyne  of  Explanation  Type  of  Explanation 

Structural  Functional  Structural  Functional 


Men 

Before 

21  .88 

14.70 

17.64 

19.67 

After 

23-38 

19.00 

22.67 

17.10 

Women 

Before 

18.00 

15.90 

21.33 

1  3.71 

After 

17.92 

16.55 

15.36 

21  .50 

Note. 

N  -  160, 

including  74 

men  and  86 

women. 

Mm 


Table  16 
Mean  Scor 


the  Test  of  Failed  Connections  For  Men  and  Women 


Display  Mode 

Integrated  Non-Integrated 

Gender  Order  Type  of  Explanation  Type  of  Explanatl 


Structural 

Functional 

Structural 

Functional 

Men 

Before 

15.38 

11.30 

12.71 

14.50 

After 

13.63 

14.33 

14.44 

12.70 

Women 

Before 

12.50 

12.50 

14.50 

12.07 

After 

13.25 

12.73 

11.91 

14.40 

Note. 

N  -  160, 

including 

74  men  and  86 

women. 
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APPENDIX  A 


CONTENTS: 


A1  INSTRUCTIONS 


A2  TEXT  FOR  THE  INTEGRATED  BEFORE  STRUCTURAL  CONDITION 


A3  TEXT  FOR  THE  INTEGRATED  AFTER  STRUCTURAL  CONDITION 


A 4  TEXT  FOR  THE  NON-INTEGRATED  BEFORE  STRUCTURAL  CONDITION 


A5  TEXT  FOR  THE  NON-INTEGRATED  AFTER  STRUCTURAL  CONDITION 


A6  TEXT  FOR  THE  INTEGRATED  BEFORE  FUNCTIONAL  CONDITION 


A7  TEXT  FOR  THE  INTEGRATED  AFTER  FUNCTIONAL  CONDITION 


A8  TEXT  FOR  THE  NON-INTEGRATED  BEFORE  FUNCTIONAL  CONDITION 


A9  TEXT  FOR  THE  NON-INTEGRATED  AFTER  FUNCTIONAL  CONDITION 
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APPENDIX  A1 

1.  Sal act  the  single  throw  switch,  that  is  ths  switch  with 
contacts  on  only  ons  side.  This  will  bo  csllod  switch  A. 


2.  Select  a  wire  with  a  -forked  pin  on  one  end  and  an 
alligator  clip  on  the  other. 


3.  -Keep  switch  A  in  the  open  position,  that  is  with  the 
handle  up. 


4.  Position  switch  A  so  that  the  two  metal  contacts  are  on 
the  side  of  the  base  farther  away  from  you. 

************************************************************ 

5.  With  the  screwdriver,  loosen,  but  do  not  remove,  the 
upper  left  screw. 


6.  Insert  the  forked  end  of  the  wire  under  the  screw  and 
tighten  the  screw. 


7.  Connect  the  alligator  clip  on  the  other  end  of  the  wire 
to  the  left  terminal  of  lamp  A. 

*************** ************* ********* ************************* 
6.  Select  a  wire  with  one  forked  pin  and  one  circular  pin. 
************************************************************** 

9.  With  the  screwdriver,  loosen,  but  do  not  remove,  the 
lower  left  screw. 


10.  Insert  the  forked  pin  under  the  screw  and  tighten  the 
screw. 


11.  Select  a  wire  with  one  alligator  clip  and  one  circular 
pin. 

**»**************»**********************************«***«***«* 

12.  Connect  the  alligator  clip  to  the  right  terminal  of  lamp 
A. 

************************************************************** 

13.  Position  the  second  switch  below  switch  A  such  that  the 
handle  may  be  pulled  toward  you  or  pushed  away  from  you. 
The  second  switch  will  be  called  switch  B. 


14.  Remember  to  keep  the  handle  in  the  upright  position. 
*********************»*******»******************************** 

15.  Select  a  wire  with  one  forked  pin  and  one  alligator 
clip. 


16.  With  the  screwdriver,  loosen,  but  do  not  remove,  the 
lowermost  left  screw. 


17.  Insert  the  forked  pin  under  the  screw  and  tighten  the 
screw. 


18.  Connect  the  alligator  clip  to  the  left  terminal  of  lamp 
B. 


19.  Select  a  wire  with  one  forked  pin  and  one  circular  pin. 


20.  With  the  screwdriver,  loosen,  but  do  not  remove,  the 
center  left  screw. 


21.  Insert  the  forked  pin  under  the  screw  and  tighten  the 
screw. 


22.  Select  a  wire  with  on*  alligator  clip  and  one  circular 
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23.  Connect  the  alligator  clip  to  the  right  terminal  of  lamp 

8. 

************************************************************** 

24.  Select  a  wire  with  one  alligator  clip  and  one  forked 
pin. 

■*  •**•*•****•********•*•»**•**•»******•**•••*****»*••*«*•***«*« 

25.  With  the  screwdriver,  loosen,  but  do  not  remove,  the 
uppermost  left  screw  on  switch  B. 

************************************************************** 

26.  Insert  the  forked  pin  under  the  screw,  and  tighten  the 
screw. 

*•***********•*•**»*•**•*****»*»*»****••*««*•*•***«*•«««*••»»* 

27.  Connect  the  alligator  clip  to  the  left  terminal  of  lamp 

A. 

************************************************************** 

2B.  Select  a  wire  with  one  forked  pin  and  one  alligator 
clip. 

********** *****»•**•»»*******•**•»**•*• *******•«**«****«•***** 

29.  With  the  screwdriver,  loosen,  but  do  not  remove,  the 
uppermost  right  screw. 

********** ******•*•**•»*#»•**»•**»**»**** ********************* 

30.  Insert  the  forked  pin  under  the  screw  and  tighten  the 
scr ew. 

************************************************************** 

31.  Connect  the  alligator  pin  to  the  left  terminal  of  lamp 

B. 

************************************************************** 

32.  With  the  screwdriver,  loosen,  but  do  not  remove,  the 
center  right  screw. 

****»***#******************»******»*********«***************** 

33.  Insert  the  forked  pin  of  the  remaining  wire  under  the 
screw  and  tighten  the  screw. 

************************************************************** 

34.  Thread  the  wire  underneath  the  switch  from  the  lower 
right  corner  to  the  upper  left  corner. 

************************************************************** 

35.  Unscrew  and  remove  the  two  black  safety  caps  from  the 
battery  terminals.  keep  the  caps  handy. 

************************************************************** 

36.  Above  the  circuit,  place  the  battery  on  its  side  with 
the  terminals  of  the  battery  facing  you  and  the  positive 
(  +  >  terminal  on  your  left. 

************************************************************** 

37.  Locate  the  three  wires  which  have  one  of  their  ends 
connected  to  a  switch  and  the  other  end  unattached. 

************************************************************** 

38.  Slip  the  circular  pins  of  these  three  wires  onto  the 
positive  terminal  of  the  battery  and  screw  one  of  the 
two  black  safety  caps  onto  the  terminal  to  anchor  the 
mi  res . 

************************************************************** 

39.  Connect  the  two  remaining  unattached  circular  pins  to 
the  negative  <->  terminal  of  the  battery  by  using  the 
remaining  black  safety  cap. 

************************************************************** 

40.  Push  the  handle  of  switch  A  forward  (i.e. ,  in  its  closed 
position)  to  light  lamp  A. 

************************************************************** 

41.  Place  the  handle  of  switch  A  back  in  its  upright  (i.e., 
open)  position. 

*•**»*•»*•**********•*•**•**•»»*•*•*••******»*•**•******•*•*«* 

42.  Pull  the  handle  of  switch  B  toward  you  to  light  lamp  B. 

************************************************************** 

43.  Push- the  handle  of  switch  B  all  the  way  forward  to  light 

both  lamps  A  and  B.  44.45 
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APPENDIX  A2 
INTEGRATED  (BEFORE) 


STRUCTURAL 


*  You  will  construct  an  electrical  circuit  that  will  allow  you  to  light 
one  or  two  small  lamps. 

**  You  will  build  the  circuit  using  the  materials  you  see  to  the  side  of  the 
computer. 

A.  Assembling  a  circuit  requires  that  you  get  the  major  components  ready,  then 
connect  them. 

B.  This  circuit  involves  three  major  types  of  components:  (1)  a  battery, 

(2)  two  switches,  and  (3)  two  small  lamps. 

C.  There  are  3  main  parts  to  the  circuit:  (1)  a  circuit  to  light  lamp  A, 

(2)  a  circuit  to  light  lamp  B,  and  (3)  a  circuit  to  light  both  lamps 
with  a  single  switch. 

D.  First  you  will  construct  the  circuit  for  lamp  A. 

E.  The  lamp  a  circuit  includes  -Le  battery,  a  switch,  and  lamp  A. 

F.  First  you  will  make  a  wire  connection  from  the  switch  to  lamp  A. 

Instructions  1-7 

G.  The  switch  must  be  connected  to  the  battery,  but  all  final  connections 
co  the  battery  are  made  last. 

H.  So,  now  you  will  attach  a  wire  to  the  switch,  but  leave  the  battery 
s  i  de  una t  cached . 

Instructions  8-10 

I.  Similarly,  the  lamp  must  be  connected  to  the  battery,  but  first  you  will 
make  only  the  lamp  side  of  the  connection. 

Instructions  11-12 

J.  Now  you  will  construct  the  circuit  for  lamp  B. 

K.  The  lamp  B  circuit  includes  the  battery,  a  switch,  and  lamp  B. 

L.  First  you  will  make  a  wire  connection  from  the  switch  co  lamp  B. 

Instructions  13-18 

M.  Now  you  will  attach  a  wire  to  the  switch-  to  make  the  swicch  side  of  the 
switch-to-baccery  connection. 

Instructions  19-21 

N.  Now  you  will  make  the  lamp  side  of  Che  1  amp- 1 o-ba t c e rv  connection. 

Instructions  22-23 
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INTEGRATED  (BEFORE) 


STRUCTURAL  p  2 . 


O.  You  will  wire  a  circuit  so  that  both  lamps  A  and  B  can  be  turned  on  with 
a  single  throw  of  the  switch. 

P.  The  circuit  for  both  lamps  A  and  B  involves  the  battery,  the  upper  half  of 
switch  B,  and  the  two  lamps. 

Q.  First,  you  will  make  a  wire  connection  from  the  left  side  of  the  upper  half 
of  switch  B  to  lamp  A. 

Instructions  24-27 

R.  In  a  similar  way,  you  will  make  a  wire  connection  from  the  right  side 
of  the  upper  half  of  switch  B  to  lamp  B. 

Instructions  28-31 


S.  The  right  side  of  the  upper  half  of  switch  B  must  be  connected  to  the 
battery. 


T.  At  this  time,  you  will  make  only  the  switch  side  of  the  switch-to-batterv 
connect  ion . 

Instructions  32-34 

U.  Now  you  are  ready  to  make  the  connections  to  the  battery. 

Instructions  35-36 

V.  First  you  will  connect  the  wires  which  are  attached  to  the  switches. 

Instructions  37-38 

W .  Now  the  wires  which  are  atcacned  to  the  lamps  are  cornet  tec . 

Instruction  39 

***  With  all  connections  complete,  you  will  test  each  portion  or  me  tirt.it. 

X.  First  you  will  test  the  circuit  to  light  lamp  A. 

Instructions  40-~l 

Y.  Now  you  will  test  the  circuit  to  lig.nt  lamp  5. 

Instruction  *»2 

2.  Now  you  will  test  t.ie  circuit  to  lignt  0o:r.  lamp,  A  a-  t  r. 

Instructions  -  3  -  -- 


APPENDIX  A3 


INTECRATED  (AFTER) 

STRUCTURAL 

*  You  will  construct  an  electrical  circuit  that  will  allow  you  to  light 
one  or  two  small  lamps. 

**  You  will  build  the  circuit  using  the  materials  you  see  to  the  side  of  the 
computer . 

Instructions  1-7 

A.  Assembling  a  circuit  requires  that  you  get  the  major  components  ready, 
then  connect  them. 

B.  This  circuit  involves  three  major  types  of  components:  (1)  a  battery, 
(2)  two  swicches,  and  (3)  two  small  lamps. 

C.  There  are  3  main  parts  to  the  circuit:  (1)  a  circuit  to  light  lamp  A, 
(2)  a  circuit  to  light  lamp  B,  and  (3)  a  circuit  to  light  both  lamps 
with  a  single  switch. 

D.  You  have  begun  construction  of  the  circuit  for  lamp  A. 

E.  The  lamp  A  circuit  includes  the  battery,  a  switch,  and  lamp  A. 

F.  You  have  made  a  wire  connection  from  the  switch  to  lamp  A. 

Instructions  8-10 

G.  The  switch  must  be  connected  to  the  battery,  but  all  final  connections 
to  the  battery  are  made  last. 

H.  So,  you  have  attached  a  wire  to  the  switch,  but  have  left  the  battery 
side  unattached. 

Instructions  11-12 

I.  Similarly,  the  lamp  must  be  connected  to  the  battery,  but  you  have  made 
only  the  lamp  side  of  the  connection  for  now. 

Instructions  13-18 

J.  You  have  begun  construction  of  the  circuit  for  lamp  B. 

K.  The  lamp  B  circuit  includes  the  battery,  a  switch,  and  lamp  B. 

L.  You  have  made  a  wire  connection  from  the  switch  to  lamp  B. 

Instructions  19-21 

M.  You  have  attached  a  wire  to  the  switch  to  make  the  switch  side  of  the 
switch-co-battery  connection. 

Instructions  22-23 

N.  Now  you  have  made  the  lamp  side  of  the  lamp-to-battery  connection. 
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STRUCTURAL 


Instructions  24-27 


0.  You  have  begun  to  wire  a  circuit  so  that  both  lamps  A  and  B  can  be  turned 
on  with  a  single  throw  of  the  swicch. 


P.  The  circuit  for  both  lamps  A  and  B  involves  the  battery,  the  ypper  half  of 
switch  B,  and  the  two  lamps. 


Q.  You  have  made  a  wire  connection  from  the  left  side  of  the  upper  half  of 
switch  B  to  lamp  A. 


Instructions  28-31 


R.  In  a  similar  way,  you  have  made  a  wire  connection  from  the  right  side 
of  the  upper  half  of  switch  B  to  lamp  B. 


Instructions  32-34 


S.  The  right  side  of  the  upper  half  of  switch  B  must  be  connected  to  the 
battery. 


T.  At  this  time,  you  have  made  only  the  switch  side  of  the  switch-to-battery 


connection. 


Instructions  35-36 


U .  Now  you  are  ready  to  make  the  connections  to  the  battery. 


Instructions  37-38 


V.  You  have  connected  the  wires  which  are  attached  to  the  switches. 


Instruction  39 


W.  You  have  connected  the  wires  which  are  attached  to  the  lamps. 


***With  all  connections  complete,  you  will  test  each  portion  of  the  circuit. 


Instructions  40-41 


X.  You  have  tested  the  circuit  to  light  lamp  A. 


Instruction  42 


Y.  You  have  tested  the  circuit  to  light  lamp  B. 


Instructions  43-44 


Z.  YOu  have  tested  the  circuit  to  light  both  lamps  A  and  B. 


P| 


K*l 

I 

£»| 

Kil 

P&l 


iUi 


"WWW  JJTYJJ'.** 


WVS3 


APPENDIX  A4 

NON- INTEGRATED  (BEFORE) 
STRUCTURAL 


*  You  will  construct  an  electrical  circuit  that  will  allow  you  to  light 
one  or  two  small  lamps. 

**  You  will  build  the  circuit  using  the  materials  you  see  to  the  side  of  the 
computer. 

A.  Assembling  a  circuit  requires  that  you  get  the  major  components  ready,  then 
connect  them. 

B.  This  circuit  involves  three  major  types  of  components:  (1)  a  battery, 

(2)  two  switches,  and  (3)  two  small  lamps. 

C.  There  are  3  main  parts  to  the  circuit:  (1)  a  circuit  to  light  lamp  A, 

(2)  a  circuit  to  light  lamp  B,  and  (3)  a  circuit  to  light  both  lamps 
with  a  single  switch. 

D.  First  you  will  construct  the  circuit  for  lamp  A. 

E.  The  lamp  A  circuit  includes  the  battery,  a  switch,  and  lamp  A. 

F.  First  you  will  make  a  wire  connection  from  the  switch  to  lamp  A. 

G.  The  switch  must  be  connected  to  the  battery,  but  all  final  connections 
to  the  battery  are  made  last. 

H.  So,  you  will  attach  a  wire  to  the  switch,  but  leave  the  battery  side 
unattached  until  the  end. 

I.  Similarly,  the  lamp  must  be  connected  to  the  battery,  but  first  you 
will  make  only  the  lamp  side  of  the  connection. 

J.  Then  you  will  construct  the  circuit  for  lamp  B. 

K.  The  lamp  B  circuit  includes  the  battery,  a  switch,  and  lamp  B. 

L.  First  you  will  make  a  wire  connection  from  the  switch  to  lamp  B. 

M.  Then  you  will  attach  a  wire  to  the  switch  to  make  the  switch  side  of  the 
switch-to-battery  connection. 

N.  Next  you  will  make  the  lamp  side  of  the  lamp-to-battery  connection. 

O.  Then  you  will  wire  a  circuit  so  that  both  lamps  A  and  B  can  be  turned 
on  with  a  single  throw  of  the  switch. 

P.  The  circuit  for  both  lamps  A  and  B  involves  the  battery,  the  upper  half 
of  switch  B,  and  the  two  lamps. 

Q.  First,  you  will  make  a  wire  connection  from  the  left  side  of  the  upper 
half  of  switch  B  to  lamp  A. 
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NON-INTEGRATED  (BEFORE) 


2. 


STRUCTURAL 

R.  In  a  similar  way,  you  will  make  a  wire  connection  from  the  right  side  of  the 
upper  half  of  switch  B  to  lamp  B. 

S.  The  right  side  of  the  upper  half  of  switch  B  oust  be  connected  to  the 
battery. 

T.  First  you  will  make  only  the  switch  side  of  the  switch-to-battery 
connection. 

U.  Then  you  will  be  ready  to  make  the  connections  to  the  battery. 

V.  First  you  will  connect  the  wires  which  are  attached  to  the  switches. 

W.  Then  the  wires  which  are  attached  to  the  lamps  will  be  connected. 

***With  all  connections  complete,  you  will  test  each  portion  of  the  circuit. 

X.  First  you  will  test  the  circuit  to  light  lamp  A. 

Y.  Then  you  will  test  the  circuit  to  light  lamp  B. 

Z.  Finally , you  will  test  the  circuit  to  light  both  lamps  A  and  B. 

Instructions  1-44 


APPENDIX  A5 
NON- INTEGRATED  (AFTER) 

STRUCTURAL 

You  will  construct  an  electrical  circuit  that  will  allow  you  to  light 
one  or  two  small  lamps. 

You  will  build  the  circuit  using  the  materials  you  see  to  the  side  of 
the  computer. 

Instructions  1-44 

Assembling  a  circuit  requires  that  you  get  the  major  components  ready, 
then  connect  them. 

This  circuit  involves  three  major  types  of  components:  (1)  a  battery, 
(2)  two  switches,  and  (3)  two  small  lamps. 

There  are  3  main  parts  to  the  circuit:  (1)  a  circuit  to  light  lamp  A, 
(2)  a  circuit  to  light  lamp  B,  and  (3)  a  circuit  to  light  both  lamps 
with  a  single  switch. 

First  you  constructed  the  circuit  for  lamp  A. 

The  lamp  A  circuit  includes  the  battery,  a  switch,  and  lamp  A. 

You  began  the  lamp  A  circuit  by  making  a  wire  connection  from  the  switch 

to  lamp  A. 

The  switch  had  to  be  connected  to  the  battery,  but  all  final  connections 
to  the  battery  were  made  last. 

So,  you  attached  a  wire  to  the  switch,  but  left  the  battery  side 
unattached  until  the  end. 

Similarly,  the  lamp  had  to  be  connected  to  the  battery,  but  first  you 
made  only  the  lamp  side  of  the  connection. 

Then  you  constructed  the  circuit  for  lamp  B. 

The  lamp  B  circuit  includes  the  battery,  a  switch,  and  lamp  B. 

You  began  the  lamp  B  circuit  by  making  a  wire  connection  from  the  switch 

to  lamp  B. 

You  attached  a  wire  to  the  switch  to  make  the  switch  side  of  the 
switch-to-battery  connaction. 

Next  you  made  the  lamp  side  of  the  lamp-to-battery  connection. 

Then  you  wired  a  circuit  so  that  both  lamps  A  and  B  can  be  turned  on 
with  a  single  throw  of  the  switch. 

The  circuit  for  both  lamps  A  and  B  involves  the  battery,  the  upper  half 
of  switch  B,  and  the  two  lamps. 


APPENDIX  A6 
INTEGRATED  (BEFORE) 


FUNCTIONAL 


*  You  will  construct  an  electrical  circuit  that  will  allow  you  to  light 
one  or  two  small  lamps. 

**  You  will  build  the  circuit  using  the  materials  you  see  to  the  side  of  the 
computer. 

A.  In  a  circuit,  electrical  current  flows  from  a  source  to  a  "consumer" 

(that  is,  to  something  that  requires  current,  like  a  lamp). 

B.  Current  can  flow  only  when  the  circuit's  components  are  interconnected  in 
a  complete  circle,  each  connection  being  made  by  a  wire  or  other  metal 
object  that  conducts  electricity. 

C.  In  chis  circuit,  a  battery  will  be  the  source  of  the  current,  lamps  will 
be  the  consumers,  and  switches  will  form  connections  allowing  current  to 
flow  when  they  are  closed,  that  is,  in  the  ON  position. 

D.  First  you  will  construct  a  circuit  which  will  allow  lamp  A  to  light  when 
a  switch  is  closed. 

E.  When  the  switch  is  closed,  current  will  flow  from  the  battery  to  lamp  A 
and  then  return  to  the  battery. 

F.  Current  will  flow  through  the  switch  when  it  is  closed,  because  closure 
connects  the  two  metal  contacts  on  the  left  side  of  the  switch. 

Instructions  1-7 

G.  For  safety,  connections  to  the  battery,  the  source  of  current,  are  made 
last . 


-V-, 


V, 


H.  Buc  you  can  now  attach  a  wire  to  the  switch  which  will  bring  current  to 
the  switch  when  it  is  later  connected  to  the  battery. 

Instructions  8-10 

I.  Similarly,  to  allow  current  to  return  to  the  source,  you  must  connect 
the  lamp  to  the  battery,  but  leave  the  battery  side  unattached  for  now. 

Instructions  11-12 

J.  Now  you  will  construct  a  circuit  which  will  allow  lamp  B  to  light  when 
a  second  switch  is  closed. 


K. 


When  the  switch  is  closed,  current  will  flow  from  the  battery  to  lamp  B. 


L.  Current  will  flow  through  the  switch  when  it  is  closed,  because  closure 
will  connect  the  two  metal  contacts  on  the  left  side  of  the  switch. 


Instructions  13-18. 
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FUNCTIONAL  p  2. 

Now  you  will  attach  a  wire  to  the  switch  which  will  bring  current  to  the 
switch  when  it  is  later  connected  co  the  bactery. 

Instructions  19-21 

To  allow  current  co  return  to  the  source  you  must  connect  the  lamp  to  the 
battery,  but  leave  the  battery  side  unattached  for  now. 

Instructions  22-23 

You  will  wire  a  circuit  so  chat  current  can  flow  through  both  lamps  A  and 
B  when  the  upper  half  of  switch  B  is  closed. 

When  the  upper  half  of  switch  B  is  closed,  current  will  flow  from  the  battery 
through  each  lamp,  and  back  to  the  battery. 

The  current  for  lamp  A  will  flow  through  the  metal  contacts  on  the  left 
side  of  the  upper  half  of  switch  B. 

Instructions  24-27 


The  current  for  lamp  B  will  flow  through  the  two  metal  contacts  on  the 
right  side  of  the  upper  half  of  switch  B. 

Instructions  28-31 

The  current  for  lamp  B  must  come  from  the  battery  to  the  right  side  of  the 
upper  half  of  switch  B. 

Ac  this  time  you  will  attach  the  wire  through  which  current  will  flow  to 
swicch  B,  but  leave  the  battery  side  unattached  for  now. 

Instructions  32-34 

Now  you  are  ready  to  make  the  connections  to  the  battery. 


Instructions  35-36 

First  you  will  connect  che  wires  which  will  carry  current  to  the  switches. 
Instructions  37-38 

Now  the  wires  through  which  current  will  return  to  the  battery  are  connected. 
Instruction  39 

With  all  connections  complete,  you  will  test  each  portion  of  the  circuit. 
First  you  will  determine  whether  current  flows  to  light  lamp  A. 

Instructions  40-41 

Now  you  will  determine  whether  current  flows  to  light  lamp  B. 

Instruction  42 


44.56 


APPENDIX  A7 

INTEGRATED  (AFTER) 

FUNCTIONAL 

*  You  will  construct  an  electrical  circuic  that  will  allow  you  to  light  one 
or  two  small  lamps. 

**  You  will  build  the  circuit  using  the  materials  you  see  to  the  side  of  the 
computer . 

Instructions  1-7 

A.  In  a  circuit,  electrical  current  flows  from  a  source  to  a  "consumer" 

(that  is,  to  something  that  requires  current,  like  a  lamp). 

B.  Current  can  flow  only  when  the  circuit's  components  are  interconnected  in 
a  complece  circle,  each  connection  being  made  by  a  wire  or  other  metal 
object  that  conducts  electricity. 

C.  In  this  circuit,  a  battery  will  be  the  source  of  the  current,  lamps  will 
be  the  consumers,  and  switches  will  form  connections  allowing  current  to 
flow  when  they  are  closed,  that  ts,  in  the  ON  position. 

D.  You  have  begun  construction  of  a  circuit  which  will  allow  lamp  A  to  light 
when  a  switch  is  closed. 

E.  When  the  swicch  is  closed,  current  will  flow  from  the  battery  to  lamp  A 
and  then  return  to  the  battery. 

F.  Current  will  flow  through  the  switch  when  it  is  closed,  because  closure 
connects  the  two  metal  contacts  on  the  left  side  of  the  switch. 

Instructions  8-10 

G.  For  safety,  connections  to  the  battery,  the  source  of  current,  are  made  last. 

H.  You  have  attached  a  wire  to  the  switch  which  will  bring  current  to  the 
switch  when  it  is  later  connected  to  the  battery. 

Instructions  11-12 

I.  Similarly,  to  allow  current  to  return  to  the  source,  the  lamp  must  be 
connected  to  the  battery,  but  you  have  left  the  battery  side  unattached  for  now. 

Instructions  13-18 

J.  You  have  begun  construction  of  a  circuit  which  will  allow  lamp  B  to  light 
when  a  second  swicch  is  closed. 

K.  When  the  switch  is  closed,  current  will  flow  from  the  battery  to  lamp  B. 

L.  Current  will  flow  through  the  switch  when  it  is  closed,  because  closure 
will  connect  the  two  metal  contacts  on  the  left  side  of  the  switch. 

Instructions  19-21 
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M.  You  have  attached  a  wire  to  the  switch  which  will  bring  current  to  the 
switch  when  it  is  later  connected  to  the  battery. 

Instructions  22-23 

N.  To  allow  current  to  return  to  the  source  you  must  connect  the  lamp  to 

the  battery,  but  you  have  left  the  battery  side  unattached  for  now. 

Instructions  24-27 

O.  You  have  begun  to  wire  a  circuit  so  that  current  can  flow  through  both 
lamps  A  and  B  when  the  upper  half  of  switch  B  is  closed. 

P.  When  the  upper  half  of  switch  B  is  closed,  current  will  flow  from  the 
battery,  through  each  lamp,  and  back  to  the  battery. 

Q.  The  current  for  lamp  A  will  flow  through  the  metal  contacts  on  the  left 

side  of  the  upper  half  of  switch  B. 

Instructions  28-31 

R.  The  current  for  lamp  B  will  flow  through  the  two  metal  contacts  on  the 
right  side  of  the  upper  half  of  switch  B. 

Instructions  32-34 

S.  The  currenc  for  lamp  B  must  come  from  the  battery  to  the  right  side  of 
the  upper  half  of  switch  B. 

T.  You  have  attached  the  wire  through  which  currenc  will  flow  to  switch  B, 
but  you  have  lefc  the  battery  side  unattached  for  now. 

Instructions  35-36 

U.  Now  you  are  ready  to  make  the  connections  to  the  battery. 

Instructions  37-38 

V.  You  have  connected  the  wires  which  will  carry  current  to  the  switches. 

Instruction  39 

W.  You  have  connected  the  wires  through  which  current  will  return  to  the 
battery . 

***Wich  all  connections  complete,  you  will  test  each  portion  of  the  circuit. 

Instructions  40-41 
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FUNCTIONAL 
Instruction*  43-44 

Z.  You  have  determined  whether  current  flows  to  light  both  lamps  A  and  B 
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NON-INTEGRATED  (BEFORE) 

FUNCTIONAL 

*  You  will  construct  an  electrical  circuit  that  will  allow  you  to  light  one 
or  two  small  lamps. 

**  You  will  build  the  circuit  using  the  materials  you  see  to  the  side  of  the 
computer . 

A.  In  a  circuit,  electrical  current  flows  from  a  source  to  a  "consumer" 

(that  is,  to  something  that  requires  current,  like  a  lamp). 

B.  Current  can  flow  only  when  the  circuit’s  components  are  interconnected  in 
a  complete  circle,  each  connection  being  made  by  a  wire  of  other  metal 
object  that  conducts  electricity. 

C.  In  this  circuit,  a  battery  will  be  the  source  of  the  current,  lamps  will 

be  the  consumers,  and  switches  will  form  connections  allowing  current  to 

flow  when  they  are  closed,  that  is,  in  the  ON  position. 

D.  First  you  will  construct  a  circuit  which  will  allow  lamp  A  to  light  when 

a  switch  is  closed. 

E.  When  the  switch  is  closed,  current  will  flow  from  the  battery  to  lamp  A 
and  then  return  to  the  battery. 

F.  Current  will  flow  through  the  switch  when  it  is  closed,  because  closure 
connects  the  two  metal  contacts  on  the  left  side  of  the  switch. 

G.  For  safety,  connections  to  the  battery,  the  source  of  current,  are  made 
last . 

H.  But  you  will  be  able  to  attach  a  wire  to  the  switch  which  will  bring 
current  to  the  switch  when  it  is  later  connected  to  the  battery. 

I.  Similarly,  to  allow  current  to  return  to  the  source,  you  must  connect 
the  lamp  to  the  battery,  but  you  .will  leave  the  battery  side  unattached 
until  the  end. 

J.  Then  you  will  construct  a  circuit  which  will  allow  lamp  B  to  light  when  a 
second  switch  is  closed. 

K.  When  the  switch  is  closed,  current  will  flow  from  the  battery  to  lamp  B. 

L.  Current  will  flow  through  the  switch  when  it  is  closed,  because  closure 
will  connect  the  two  metal  contacts  on  the  left  side  of  the  switch. 

M.  You  will  attach  a  wire  to  the  switch  which  will  bring  current  to  the 
switch  when  it  is  later  connected  to  the  battery. 

N.  To  allow  current  to  return  to  the  source  you  must  connect  the  lamp  to 

the  battery,  but  you  will  leave  the  battery  side  unattached  until  the  end. 

O.  Then  you  will  wire  a  circuit  so  that  current  can  flow  through  both  lamps  A  and 
B  when  the  upper  half  of  switch  B  is  closed. 
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NON- INTEGRATED  (BEFORE) 


FUNCTIONAL 

P.  When  the  upper  half  of  svicch  B  is  closed,  current  will  flow  from  the 
bactery,  through  each  lamp,  and  back  to  the  battery. 

Q.  The  current  for  lamp  A  will  flow  through  the  metal  contacts  on  the  left 
side  of  the  upper  half  of  switch  B. 

R.  The  current  for  lamp  B  will  flow  through  the  two  metal  contacts  on  the 
right  side  of  the  upper  half  of  switch  B. 

S.  The  current  for  lamp  B  will  come  from  the  battery  to  the  right  side  of 
the  upper  half  of  switch  B. 

T.  You  will  attach  the  wire  through  which  current  will  flow  to  switch  B, 
but  leave  the  battery  side  unattached  until  the  end. 

U.  Then  you  will  be  ready  to  make  the  connections  to  the  battery. 

V.  First  you  will  connecc  the  wires  which  will  carry  current  to  the  switches 

W.  Then  the  wires  through  which  current  will  return  to  the  battery  will  be 
connected. 

♦♦♦With  all  connections  complete,  you  will  test  each  portion  of  the  circuit. 

X.  First  you  will  determine  whether  current  flows  to  light  lamp  A. 

Y.  Then  you  will  determine  whether  current  flows  to  light  lamp  B. 

Z.  Finally,  you  will  determine  whether  current  flows  to  light  both  lamps 
A  and  B. 


Instructions  1-44 
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NON-INTECRATED  (AFTER) 


FUNCTIONAL 

*  You  will  construct  an  electrical  circuit  that  will  allow  you  to  light  one 
or  two  small  lamps. 

**  You  will  build  the  circuit  using  the  materials  you  see  to  the  side  of  the 
computer . 

Instructions  1-44 

A.  In  a  circuit,  electrical  current  flows  from  a  source  to  a  "consumer" 

(that  is,  to  something  that  requires  current,  like  a  lamp). 

B.  Current  can  flow  only  when  the  circuit's  components  are  interconnected  in 
a  complete  circle,  each  connection  being  made  by  a  wire  or  other  metal 
object  that  conducts  electricity. 

C.  In  chis  circuit,  the  battery  is  the  source  of  the  current,  the  lamps  are 
che  consumers,  and  the  switches  form  connections  allowing  current  to 
flow  when  they  are  closed,  chat  is,  in  che  ON  posicion. 

D.  Firsc  you  constructed  a  circuit  which  allows  lamp  A  to  light  when  a 
switch  is  closed. 

E.  When  the  switch  is  closed,  current  flows  from  the  battery  to  lamp  A 
and  Chen  returns  to  the  battery. 

F.  Current  flows  through  the  switch  when  it  is  closed,  because  closure 
connects  the  two  metal  contacts  on  the  left  side  of  the  switch. 

G.  For  safety,  connections  to  the  battery,  the  source  of  current,  were  made 
last . 

H.  But  you  were  able  to  attach  a  wire  to  the  switch  which  would  bring  current 
c che  switch  when  it  was  later  connected  to  the  battery. 

I.  Similarly,  to  allow  current  to  return  co  che  source,  you  had  to  connect 
the  lamp  to  the  battery,  but  you  left  the  battery  side  unattached  until 
the  end. 

J.  Then  you  constructed  a  circuit  which  allows  lamp  B  to  light  when  a  second 
swi cch  is  c  losed. 


K.  When  the  switch  is  closed,  current  flows  from  the  battery  to  lamp  B. 

L.  Current  flows  through  the  switch  when  it  is  closed,  because  closure 
connects  Che  two  metal  contacts  on  the  left  side  of  the  switch. 

M.  You  attached  a  wire  to  the  switch  which  would  bring  current  to  the 
switch  when  it  was  later  connected  to  the  battery. 


N.  To  allow  current  to  return  to  the  source  you  had  to  connect  the  lamp  to 
the  battery,  but  you  left  the  bactery  side  unattached  until  the  end. 
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NON- INTECRATED  (AFTER) 


FUNCTIONAL 

O.  Then  you  wired  a  circuic  so  that  current  can  flow  through  both  lamps 
A  and  B  when  the  upper  half  of  switch  B  is  closed. 

P.  When  the  upper  half  of  switch  B  is  closed,  current  flows  from  the 
battery,  through  each  lamp,  and  back  to  the  battery. 

Q.  The  current  for  lamp  A  flows  through  the  metal  contacts  on  the  left 
side  of  the  upper  half  of  switch  B. 

R.  The  current  for  lamp  B  flows  through  the  two  metal  contacts  on  the 
right  side  of  the  upper  half  of  switch  B. 

S.  The  current  for  lamp  B  comes  from  the  battery  to  the  right  side  of  the 
upper  half  of  switch  B. 

T.  You  atcached  the  wire  through  which  current  will  flow  to  switch  B, 
but  you  left  the  battery  side  unattached  until  the  end. 

U.  Then  you  were  ready  to  make  the  connections  to  the  battery. 

V.  First  you  connected  the  wires  which  carry  current  to  the  switches. 

W.  Then  the  wires  through  which  current  returns  to  the  battery  were 
connected . 

***With  all  connections  complete,  you  tested  each  portion  of  the  circuit. 

X.  First  you  determined  whether  current  flows  to  light  lamp  A. 

Y.  Then  you  determined  whether  current  flows  to  light  lamp  B. 

2.  Finally,  you  determined  whether  current  flows  to  light  both  lamps 
A  and  B. 
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In  RED,  draw  the  connections  which  enable  Lamp  A  to  light  when  switch  A  is  ON. 

In  BLUE,  draw  the  connections  which  enable  Lamp  B  to  light  when  switch  B  is 
ON  in  the  lower  position. 

In  GREEN,  draw  the  connections  which  enable  both  Lamps  A  &  B  to  light  when 
switch  B  is  ON  in  the  upper  position. 

If  any  connection  services  more  chan  one  circuit,  indicate  service  to  the  second 
circuit  by  superimposing  docs  of  the  relevant  color  along  the  original 
connection. 
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You  will  be  presented  with  a  series  of  diagrams  of  circuits  Intended  to  achieve 
the  functions  of  the  circuit  you  have  constructed  with  instructions  from  the 
computer.  Study  each  diagram  to  determine  whether  or  not  a  fault,  that  is,  an 
error,  exists  in  the  circuit.  If  a  fault  is  present,  (1)  describe  it  briefly 
in  the  space  provided;  (2)  answer  the  questions  concerning  the  function  of  the 
circuit  by  writing  in  YES  or  NO.  The  questions  pertain  to  the  circuit  as  it 
is  diagrammed,  that  is,  with  any  fault  that  may  be  present;  (3)  correct  the 
diagram  by  adding  any  missing  connections  and/or  placing  an  X  over  any 
connection  which  should  not  be  present. 
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Switch 


Vs 


Describe  Fault  (if  any): 


When  switch  A  is 
When  swicch  B  is 


When  swicch  B  is 


ON,  will  lamp  A  light? 

ON  in  the  upper  position 

will  lamp  A  light? _ 

will  lamp  B  light? _ 

ON  in  the  lower  position 
will  lamp  B  light? 


Describe  Fault  (if  any): 


When  switch  A  is  ON,  will  lamp  A  light?  

When  switch  B  is  ON  in  the  upper  position, 

will  lamp  A  light? _ 

will  lamp  B  light? _ 

When  switch  B  is  ON  in  the  lower  position, 

will  lamp  B  light? _ 
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switch  A  is  ON,  will  lamp  A  light? 
switch  B  is  ON  in  the  upper  position 
will  lamp  A  light? 
will  lamp  B  light? 
switch  B  is  ON  in  the  lower  Dosition 


Describe  Fault  (if  any): 


When  switch  A  is  ON,  will  lamp  A  light? 
When  switch  B  is  ON  in  the  upper  position 

will  lamp  A  light? 
will  lamp  B  light? 

When  switch  B  is  ON  in  the  lower  position 

will  lamp  B  light? 
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Design  a  circuit  which  will  light  Lamp  A  when  switch  A  is  ON  in  the  upper  position, 
will  light  Lamps  B  4  C  when  switch  A  is  ON  in  the  lower  position,  will  light 
Lamp  C  when  switch  B  is  ON  in  the  upper  position,  and  will  light  Lamps  A  4  B 
when  switch  B  is  ON  in  the  lower  position.  Draw  all  connections  neatly.  Work 
in  pencil,  and  be  sure  your  final  design  is  drawn  dark  enough  to  be  understood 


BATTERY 
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PART  II  IS  INDEPENDENT  OF  PART  I.  APPENDIX  B4 
I.  IF  THE  CONNECTION  MARKED  *  FAILS, 

Will  Lamp  A  light  when  switch  A  is  CN?  _ 

Will  Lamp  A  light  when  switch  B  is  ON  in  the  upper  position 

Will  Lamp  B  light  when  switch  B  is  ON  in  the  upper  position 

Will  Lamp  B  light  when  switch  B  is  ON  in  the  lower  position 

II. IF  THE  CONNECTION  MARKED  **  FAILS, 

Will  Lamp  A  light  when  switch  A  is  ON?  _ 

Will  Lamp  A  light  when  switch  B  is  ON  in  the  upper  position 

Will  Lamp  B  light  when  switch  B  is  ON  in  the  upper  position 

Will  Lamp  B  light  when  switch  B  is  ON  in  the  lower  position 
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Abstract 

Many  applications  of  covariance  structure  modeling  include  a  specification 
search;  i.e.,  a  process  of  sequentially  modifying  a  model  sc  as  to  Improve  Its  fit 
and/or  parsimony.  The  present  study  investigates  whether  common  procedures  for 
conducting  specification  searches  will  typically  lead  to  discovery  of  the  correct 
population  model.  This  Is  investigated  by  defining  true  population  models  and 
covariance  matrices,  then  fitting  misspeclfied  models  to  samples  from  those 
populations,  and  carrying  out  searches.  Various  phenomena  occurring  In 
specification  searches  are  demonstrated  and  discussed.  Results  Indicate  that  the 
likelihood  of  success  in  a  specification  search  Is  optimal  when  (a)  the 
Investigator’s  initial  model  corresponds  closely  to  the  true  model;  (b)  the  search 
is  allowed  to  continue  even  when  a  statistically  plausible  model  is  obtained;  (c) 
the  Investigator  Is  able  to  place  valid  restrictions  on  permissible  modifications; 
and  (d)  a  large  sample  is  used. 
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Specification  Searches  In  Covariance  Structure  Modeling 
INTRODUCTION 

Covariance  structure  modeling  (CSM)  (Bender,  1980;  Joreskog,  1974,  1977; 
Long,  1983)  is  rapidly  becoming  an  Important  and  widely  used  research  tool  in  the 
behavioral  sciences.  A  variety  of  interesting  applications  have  already  been 
published  (e.g.,  Bentler  &  Speckart,  1979;  Fiske,  Kenny,  &  Taylor,  1982; 
Fredricks  &  Dossett,  1983;  Maruyama  &  McGarvey,  1980),  and  there  is  wide 
agreement  that  use  of  CSM  will  continue  to  grow  rapidly  and  that  results  provided 
by  this  approach  will  be  of  significant  value  In  behavioral  science  research. 

Review  of  Covariance  Structure  Modeling 
Since  many  readers  of  this  paper  will  already  be  familiar  with  the  formal 
mathematical  framework  of  CSM,  only  a  brief  review  of  that  material  will  be 
presented  here.  Readers  wishing  to  review  the  mathematical  model  in  detail 
should  refer  to  Joreskog  and  Sorbom  (1984)  or  Long  (1983).  Though  several 
variants  of  the  general  CSM  model  have  been  proposed  (e.g.,  Bentler  and  Weeks, 
1980  ;  Joreskog,  1974,  1977;  McArdle  and  McDonald,  1984),  the  present  study 
will  employ  that  developed  by  Joreskog  (1974,  1977)  and  represented  In  the 
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widely  available  L1SREL  computer  program  (Joreskog  and  Sorbcm,  1984). 

A  covariance  structure  model  can  be  defined  as  an  hypothesis  of  a  specific 
pattern  of  relationships  among  a  set  of  measured  'variables  (MV’s)  and  latent 
variables  (LV’s).  Let  (  be  a  column  vector  containing  n  Independent  LV’s  f  j, 

.  .  .  (  .  The  Independent  LV’s  are  those  ’which*  according  to  the  Investigator’s 
hypothesis,  are  not  affected  by  any  other  'variables  in  the  model.  Let  x  be  a  column 
vector  containing  x,,  x7,  .  .  ,  x  ,  which  are  the  q  Indicators  of  the  independent 
LV’s.  These  Indicators  will  be  referred  to  as  independent  MV’s.  Let  q  be  a 
column  vector  containing  m  dependent  LV’s  q,,  q 2‘  ’  ‘  ‘  ^m‘  ^  ^ePen^ent  LV’s 
are  those  which,  according  to  the  Investigator’s  hypothesis,  are  affected  by  at  least 
one  other  variable  in  the  model.  Finally,  let  y  be  a  column  vector  containing  y,, 

A. 

y7t  .  .  ,  y„,  which  are  the  p  Indicators  of  the  dependent  LV’s.  These  Indicators 

Ct  w 

will  be  referred  to  as  dependent  MV’s. 

CSM  can  then  be  defined  In  terms  of  a  set  of  three  matrix  equations.  The  first 
two  equations,  representing  what  Is  called  the  "measurement  model,"  are  as 
follows: 

x  -  (  +  6  (1) 

y  =  Ay  r)  +  f  (2) 
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Here  Is  a  q-x-n  matrix  of  .coefficients  representing  the  effects  of  the  independent 
LV’s  cn  their  indicators,  and  6  is  a  q-x-i  'sector  of  "errors  of  measurement"  in  the 
indicators.  Similarly,  is  a  p-x-m  matrix  of  coefficients  representing  the 
effects  of  the  dependent  LV’s  on  their  indicators,  and  c  is  a  p-x-i  vector  of  "errors 
of  measurement"  in  these  indicators.  Thus,  the  measurement  model  defines  each 
MV  as  a  linear  combination  of  the  LV’s,  plus  an  error  term.  The  final  equation  in 
CSM  represents  the  "structural  model,"  which  defines  the  relationships  among  the 
LV’s: 

+  +  f  (3) 

In  this  equation,  B  is  an  m-x-n  matrix  of  coefficients  representing  the  effect  of 
each  dependent  LV  cn  each  of  the  other  dependent  LV’s.  The  matrix  T  is  an  m-x-n 
matrix  of  coefficients  representing  the  effect  of  each  independent  LV  on  each 
dependent  LV.  Finally,  £  is  an  m-x-1  vector  containing  residuals,  or  "errors  in 
equations,"  for  each  of  the  dependent  LV’s.  Thus,  the  structural  model  defines  each 
dependent  LV  as  a  linear  combination  of  independent  LV’s  and  other  dependent 
LV’s,  plus  a  residual. 

It  is  also  necessary  to  define  the  following  covariance  matrices:  (a)  $  =  E(ft’) 
is  an  m-x-m  covariance  matrix  for  the  Independent  LV’s;  (b)  0^  r  E(dd’)  Is  a  q-x-q 
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covariance  matrix  for  the  errors  of  measurement  In  the  Independent  MV’s; 
Cc)  0  =  E(ee’)  Is  a  p-x-p  covariance  matrix  for  the  errors  of  measurement  In  the 
dependent  MV’s;  and  fd)  Is  an  m-x-m  covariance  matrix  for  the  errors 

in  equations  for  the  dependent  LV’s. 

Given  this  mathematical  representation.  It  can  be  shown  (Joreskog  and  Sorbom, 
1984)  that  the  population  covariance  matrix  I  for  the  (p+q)  MV’s  is  a  function  of 
eight  parameter  matrices  A  ,  B,  F,  0^,  0f,  <fr,  and  *.  Thus,  given  an 
hypothesized  model  defined  in  terms  of  fixed  and  free  parameters  of  the  eight 
parameter  matrices,  and  given  a  sample  covariance  matrix  for  the  MV’s,  one  can 
solve  for  estimates  of  the  free  parameters  of  the  model.  The  most  common 
approach  for  fitting  the  model  to  data  Is  to  obtain  maximum  likelihood  estimates  of 
parameters,  and  an  accompanying  likelihood  ratio  test  of  the  null  hypothesis  that 
the  model  holds  In  the  population.  A  variety  of  other  Information  can  be  obtained 
regarding  goodness  of  fit  (Gentler  and  Bonett,  1980;  Joreskog  and  Sorbom,  1984) 

Specification  Searches 

Typical  applications  of  CSM  involve  (a)  the  development  of  a  prior  model, 
representing  an  hypothesized  pattern  of  relationships  among  a  set  of  MV’s  and 
LV’s;  (b)  the  fitting  of  the  prior  mode!  to  sample  data;  (c)  the  evaluation  of  the 
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solution  in  terms  of  Its  parameter  estimates  and  goodness  of  fit;  and,  very  often, 
id)  the  modification  of  the  model  so  as  to  Improve  its  parsimony  and/or  Its  fit  to 
the  data.  This  last  step  has  been  referred  to  as  a  specification  search  [Learner, 
1978;  Long,  1983).  During  such  a  search  the  Investigator  alters  the  model 
specification,  perhaps  numerous  times,  In  search  of  a  parsimonious.,  substantively 
meaningful  model  which  fits  the  data  well.  Search  procedures  are  designed  with 
the  intent  to  detect  and  correct  specification  errors,  which  represent  a  lack  of 
correspondence  between  a  proposed  model  and  the  true  model  characterizing  the 
population  and  variables  under  study.  The  ultimate  objective  of  a  specification 
search  would  be  to  arrive  at  the  model  which  correctly  represents  the  network  of 
relationships  among  the  MV’s  and  LV’s  in  the  population. 

Clearly,  a  specification  search  is  more  critical  when  an  Investigator’s  Initial 
model  fits  poorly,  in  which  case  a  successful  search  can  yield  a  plausible  well¬ 
fitting  model.  However,  a  specification  search  can  be  profitable  even  when  an 
initial  model  fits  well.  Such  a  model  may  still  contain  specification  errors,  and  a 
search  may  lead  to  a  more  correct  model  which  fits  as  'well  or  better.  Learner 
(1978),  In  his  discussion  of  specification  searches  in  linear  regression  models  In 
economics,  distinguishes  between  searches  conducted  for  the  purposes  of 
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simplification  vs.  model  Improvement.  However,  In  CSM  a  search  may  Include 
both  objectives;  e.g.,  parameters  may  be  added  to  a  model  to  improve  Its  fit,  then 
other  parameters  may  be  deleted  from  the  model  to  simplify  It. 

Specification  searches  are  becoming  a  common  part  of  applications  of  CSM  In 
the  social  science  literature.  For  instance,  studies  by  Bentler  and  Speckart 
(1979),  Bentler  and  Huba  (1979),  Fredricks  and  Dossett  (1983),  and  Smith 
(1992)  include  such  searches.  Indeed,  it  Is  unusual  to  find  an  application  of  CSM 
which  does  net  Include  any  type  of  specification  search.  Furthermore,  discussions 
of  methodology  such  as  those  by  Joreskcg  and  Sorbom  (1984),  Long  (1983),  and 
Saris  and  Stronkhorst  (1984)  encourage  investigators  to  seek  model  modifications 
which  would  enhance  the  parsimony  of  the  model  and/or  Its  fit  to  the  data. 

Though  little  If  any  prior  research  has  been  done  on  the  success  of  specification 
searches  per  se,  the  general  Issues  of  the  consequences  and  detection  of 
specification  errors  have  received  some  attention.  Gallinl  (1983)  demonstrates 
some  consequences  of  specification  errors  In  path  analysis  models,  showing  that 
various  types  of  specification  errors  can  cause  bias  In  parameter  estimates  as  well 
as  erroneous  decisions  about  model  fit.  Billings  and  Wroten  (19781  also 
discuss  consequences  of  violating  the  assumptions  of  path  analysis.  Such  violations 
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can  be  thought  of  as  specification  errors.  Garbing  and  Andersen  [1994)  discuss 
alternative  interpretations  of  correlated  measurement  errors  for  indicators  of  a 
given  factor.  Their  suggestions  are  relevant  in  cases  where  a  specification  search 
indicates  that  allowing  such  correlations  would  substantially  imrpove  the  fit  of  a 
model.  The  interpretation  and  use  of  correlated  measurement .  errors  is  also 
discussed  by  Fomell  (1993)  and  Bagozzl  (1993),  amorg  ethers.  Anderson  and 
Garbing  (1992)  discuss  the  Issue  of  measurement  model  misspecification,  arguing 
that  specification  errors  in  measurement  models  are  common  in  Initial  models, 
and  that  proper  specification  of  the  measurement  model  is  necessary  before 
meaning  can  be  attributed  to  the  results  from  the  structural  model.  They  propose 
two  different  procedures  aimed  at  correcting  measurement  model  specification 
errors  so  as  to  obtain  unidlmenslonai  construct  Indicators.  The  problem  of 
detecting  specification  errors  In  CSM  has  also  been  addressed  by  Costner  and 
Schoenberg  (1973),  Joreskog  and  Sortom  (1984),  and  Saris,  DePijper,  and 
Zegwaart  (1979).  Thus,  the  literature  on  specification  errors  clearly  reveals 
that  they  can  have  serious  consequences  and  that  there  exists  a  variety  of  ways  to 
attempt  to  identify  and  correct  those  errors. 

The  methodological  literature  on  CSM  does  not,  however,  define  an  optimal 
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procedure  for  conducting  a  specification  search.  Rather,  the  literature 
recommends  that  researchers  evaluate  several  types  of  Information  and  determine 
changes  which  seem  most  meaningful  and  promising  In  the  context  of  the  research. 
The  Information  which  Is  most  relevant  consists  of  T-values,  modification  Indices 
(Mi’s),  and  residuals.  For  each  free  parameter  In  a  model,  L1SREL  provides  a  T- 
value,  obtained  by  dividing  the  parameter  estimate  by  Its  estimated  standard  error. 
Non-significant  T-values  (usually  taken  to  be  those  values  <  2  in  absolute  value) 
represent  free  parameters  'whose  estimates  are  not  significantly  different  from 
zero.  If  such  parameters  are  not  deemed  substantively  critical  to  the  model,  they 
can  be  omitted,  thereby  Improving  parsimony  without  severely  damaging  overall 
fit.  For  each  fixed  zero  parameter  in  a  model,  LISREL  provides  a  MI,  which 
represents  the  minimum  decrease  in  the  overall  \2  value  that  would  be  achieved  if 
the  corresponding  parameter  were  freed.  Large  Ml’s  represent  parameters  which, 
If  added  to  the  model,  would  significantly  Improve  goodness  of  fit,  as  measured  by 
the  x2  test.  Thus,  If  a  large  MI  Is  deemed  to  represent  a  substantively  meaningful 
parameter  that  was  omitted  from  the  original  model,  that  parameter  can  be  added 
to.  the  model  and  the  resulting  modified  model  will  fit  the  data  significantly  better. 
Residuals  represent  the  difference  between  the  observed  sample  covariances  and 
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the  mode!  estimates  of  the  population  covariances.  Large  residuals  reveal  those 
relationships  among  MV’s  which  are  not  fit  'well  by  the  given  model.  The 
investigator  can  attempt  to  determine  meaningful  modifications  In  the  model  which 
will  reduce  the  magnitude  of  the  large  residuals.  Often  there  will  be  a 
convergence  between  modifications  indicated  by  the  Ml’s  and  by  the  residuals. 
That  is,  fixed  parameters  with  large  Mi’s  would  often  yield  a  decrease  in  large 
residuals  if  they  were  freed,  The  task  for  the  researcher  then  Is  to  examine  all  of 
this  Information  and  to  determine  whether  there  are  meaningful  and  productive 
changes  to  be  made  in  a  model.  If  so,  the  model  is  modified  and  re-flt  to  the  data. 
Then  results  from  that  model  can  be  evaluated  for  further  modification.  The 
search  can  continue  until  no  useful  modifications  are  available. 

Though  there  is  no  single  correct  strategy  for  conducting  a  specification  search, 
there  are  some  guidelines  which  should  be  considered.  First,  it  is  probably  best  to 
attempt  to  correct  specification  errors  In  the  measurement  model  before 
addressing  the  structural  model,  since  structural  model  parameter  estimates  and 
related  information  will  be  more  meaningful  If  the  measurement  model  is  free  of 
specification  errors,  Second,  It  is  advisable  to  make  only  one  modification  (i.e., 
the  addition  or  deletion  of  a  parameter)  at  a  time  during  a  search,  since  a  single 


Specification  Searches 


change  In  a  modei  can  affect  other  parts  of  the  solution.  Finally,  as  discussed  by 
Saris  and  Stronkhorst  (1984),  it  is  preferable  to  make  modifications  involving  the 
addition  of  new  parameters  prior  to  deleting  parameters.  That  is,  it  is 
recommended  that  modifications  be  made  so  as  to  improve  the  fit  of  the  model 
prior  to  improving  the  parsimony. 

A  critical  Issue  in  the  conduct  of  a  specification  search  is  the  obvious  potential 
tor  capitalization  on  chance.  That  is,  model  modifications  are  based  on  results 
obtained  from  fitting  an  initial  modei  to  a  particular  sample.  Therefore,  the 
search  process  is,  to  some  extent,  data-driven,  and  modified  models  do  not  have  the 
status  of  prior  hypotheses  (Cliff,  1983).  As  a  result,  the  external  validity  of  a 
final  model  arising  from  a  specification  search  Is  open  to  question.  The 

substantive  meaning  and  goodness  of  fit  of  such  models  must  be  viewed  with 
caution. 

in  practice,  a  specification  search  Is  considered  successful  if  it  results  in  an 
Interpretable  model  which  fits  the  data  well.  Though  these  are  the  most  salient 
criteria  available  to  the  applied  researcher,  there  is  a  more  critical  criterion 
which  is  to  be  investigated  in  the  present  study  via  simulation  techniques.  That  is, 
whan  there  exists  a  model  which  is  correct  in  the  population,  and  when  a  model 
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different  from  that  correct  model  Is  fit  to  a  sample  from  the  population,  will  a 
specification  search  lead  the  investigator  to  the  correct  model?  What  is  the 
likelihood  of  a  specification  search  being  "successful"  in  the  sense  of  arriving  at 
the  true  population  model?  What  factors  affect  the  likelihood  of  success?  What 
can  the  researcher  do  to  Improve  the  likelihood  of  success? 

Answers  to  these  questions  are  of  substantial  Importance  In  the  application  of 
CSM  In  the  social  sciences.  As  noted  above,  the  use  of  CSM  is  growing  rapidly, 
and  most  applications  Involve  a  specification  search  of  some  degree,  followed  by 
an  interpretation  of  the  final  solution  as  a  plausible  representation  of  the 
population  model.  Therefore,  it  is  Important  to  evaluate  and,  If  possible,  to 
improve  the  likelihood  that  a  specification  search  will  lead  an  Investigator  to  a 
correct  representation  of  the  population  model. 

METHOD 

Measurement  'vs.  Structural  Mlsspeclfications 
The  general  approach  used  here  to  investigate  the  success  of  specification 
searches  will  be  to  (a)  construct  artificial  data  for  which  there  exists  a  known 
correct  model;  (b)  fit  a  misspeclfled  model  to  the  data;  and  (c)  determine  whether 
a  specification  search  would  lead  to  specification  of  the  correct  model.  Details  of 
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this  procedure  are  presented  below.  This  study  will  be  restricted  to  investigating 
mlsspeclficatlons  and  searches  Involving  only  the  structural  model  portion  of  the 
general  model.  In  terms  of  population  parameters,  mlsspeclficatlons  and  searches 
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will  involve  only  the  B  and  F  matrices;  l.e.,  only  the  directional  relationships 
among  the  LV’s.  Thus,  the  entire  measurement  model,  represented  by  matrices 
A  ,  A  ,  0^,  and  0  .will  be  correctly  specified  In  all  cases.  In  addition,  the  + 
and  $  matrices  will  be  correctly  specified. 

The  primary  reason  for  restricting  attention  to  the  structural  model  In  the 
present  study  Is  to  keep  the  problems  under  study  at  a  more  manageable  level. 
Preliminary  research  shows  that  when  misspeclficatlons  exist  In  both  the 
measurement  and  structural  models,  the  conduct  of  a  successful  specification 
search  can  be  very  problematic.  In  fact,  the  author  has  produced  numerous 
examples  In  which  mlsspeclficatlons  In  one  part  of  the  model  result  In  the  largest 
Mi’s  occurring  in  the  other  part  of  the  model,  even  when  the  latter  Is  correctly 
specified.  The  reason  for  such  phenomena  is  that  the  maximum  likelihood 
estimation  technique  used  In  LISREL  Is  a  full-information  procedure,  meaning  that 
all  free  parameters  In  both  the  measurement  .and  structural  models  are  estimated 
simultaneously  by  fitting  the  full  model  to  the  full  sample  covariance  matrix.  As 
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a  resuit,  misspecifleatlors  In  one  part  of  the  model  can  affect  results  In  other 
parts.  Research  will  continue  on  the  development  of  strategies  for  specification 
searches  Including  both  the  measurement  and  structural  models.  However,  given 
the  complexity  of  the  Interaction  between  these,  we  will  focus  on  the  latter  In  the 
present  investigation. 

This  restriction  does  not  severely  limit  the  value  of  this  study.  In  applications 
of  CSM,  the  structural  model  Is  often  the  focus  of  attention  In  specification 
searches  and  Interpretation.  It  is  unusual  for  published  applications  to  report 
serious  problems  cr  substantial  modifications  In  measurement  models.  In 
addition,  there  do  exist  procedures  for  Improving  measurement  models  which  can 
be  used  fairly  Independently  of  the  structural  model  under  consideration  (Anderson 
and  Gerbing,  1992;  Costner  and  Schoenberg,  1973).  Results  of  the  present  study 
will  be  relevant  to  applications  In  which  serious  measurement  problems  are  not 
encountered  (or,  If  encountered,  have  been  corrected),  and  In  which  the 
Investigator  seeks  to  detect  and  correct  mlsspeclflcations  In  the  structural  model. 
In  addition,  the  approach  used  here  can  be  viewed  as  representing  a  "best  case" 
scenario;  l.e.,  the  confinement  of  mlsspeclflcations  and  modifications  to  the 
structural  model  In  this  simulation  should  provide  the  best  chance  of  success  for 
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specification  searches. 

Starting  Points  for  Specification  Searches 
From  the  published  applications  of  CSM,  it  appears  that  investigators  have 
employed  two  different  logical  starting  points  for  specification  searches.  The  most 
common  is  the  case  in  which  a  substantively  meaningful  initial  model  Is  fit  to  the 
data  at  hand,  and  the  search  is  based  on  results  from  that  model.  This  type  of 
search  is  Illustrated  in  applications  by  Bender  and  Speckart  (1979),  Bender  and 
Huba  (1979),  and  others.  An  alternative  approach  is  to  employ  an  Initial 
structural  model  which  is  not  substantively  meaningful.  Two  such  non-substantive 
initial  structural  models  would  be  (a)  an  "empty"  structural  model,  In  which  all 
elements  of  B  and  T  are  fixed  at  zero,  and  (b)  a  "saturated"  structural  model,  in 
'which  all  potentially  meaningful  elements  of  B  and  T  are  free  parameters. 
Starting  from  an  empty  structural  model,  the  search  would  proceed  by 
successively  freeing  those  fixed  parameters  which  have  large  Ml’s  and  are 
substantively  meaningful.  Starting  from  a  saturated  structural  model,  the  search 
would  be  conducted  by  fixing  those  non-crltlcai  parameters  which  display  non¬ 
significant  T-values.  Fredricks  and  Dossett  (1983)  employed  a  saturated 
structural  model  in  their  study  of  attltudebehavior  relations,  and  McAlister, 
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Krosnick,  and  Mllbum  1 1 98^)  used  a  similar  approach  in  their  study  of  causes  of 
cigarette  smoking.  The  author  is  not  aware  of  any  published  applications  In  which 
an  empty  structural  model  was  'used  to  start  a  specification  search.  Nevertheless, 
such  an  approach  represents  the  logical  counterpart  to  the  use  of  the  saturated 
structural  model  and  may  merit  consideration.  The  present  study  will  investigate 
specification  searches  based  on  the  common  case  of  substantive  initial  models. 
Future  research,  will  investigate  the  use  of  nonsubstantive  initial  models. 

Generation  of  Artificial  Data 

Two  different  path  diagrams  were  constructed  to  represent  different  population 
covariance  structure  models.  The  structural  portion  of  each  diagram,  using  the 
Joreskog  and  Scrbom  (1984)  notation  and  showing  true  parameter  values,  Is  shown 
In  Figure  !.  The  models  will  be  referred  to  henceforth  as  models  A  and  B. 
Model  A  is  of  the  same  form  as  one  of  the  structural  models  used  by  Bentier  and 
Speckart  (1980)  in  their  study  of  attitude-behavior  relations,  and  model  B  was 
chosen  to  represent  a  "chain"  of  relations  among  dependent  variables.  The  two 
models  were  chosen  sc  as  to  lend  at  least  a  bit  of  generality  to  the  present 
results,  as  well  as  to  provide  a  basis  for  demonstrating  several  different 
phenomena  found  to  occur  in  specification  searches. 
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Insert  figure  1  about  here 


For  both  models,  a  measurement  model  was  defined  by  creating  two  indicators 
per  LV.  Each  pair  of  indicators  had  true  factor  loadings  of  1.0  and  .9  on  the 
corresponding  LV,  and  each  Indicator  had  a  true  unique  variance  of  .6.  Given  the 
full  set  of  true  parameter  values  for  each  model,  a  population  covariance  matrix 
was  computed  for  each;  model  by  substituting  the  true  parameter  values  Into  the 
mathematical  expression  for  the  covariance  form  of  the  model  (Equation  1. 4; 
Joreskcg  and  Scrbom,  19941.  These  two  covariance  matrices  are  shown  In  Table 
1,  and  will  be  referred  to  as  2.  and  SQ. 

u 


Insert  Table  1  about  here 

To  Illustrate  and  Investigate  the  issues  discussed  below,  it  was  necessary  to 
generate  sample  covariance  matrices  from  each  of  the  populations  defined  above. 
This  was  accomplished  via  a  procedure  developed  by  Kaiser  and  Dlckman  (1960). 
Using  this  technique,  samples  of  any  desired  size  were  generated  from  a 
multivariate  normal  population  characterized  by  either  of  the  population 
covariance  matrices  shown  in  Table  1.  From  each  sample  the  sample  covariance 
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matrix  'was  then  computed.  Details  regarding  number  of  samples  and  sample  size 


are  oreserted  below. 


Construction  of  Misspecified  Models 


For  each  of  the  tnje  models,  one  or  mere  misspecified  models  'were  defined. 
These  misspecified  models  ’will  be  presented  in  the  next  section  of  the  paper,  since 
they  were  designed  so  as  to  demonstrate  the  specific  issues  discussed  below. 
These  models  were  constructed  so  that  the  designation  of  Independent  and  dependent 
LV’s  in  the  true  model  remained  intact  in  the  misspecified  models.  Though  this 
restriction  is  net  essential,  it  does  serve  to  avoid  unnecessary  complications.  If  a 
misspecified  structural  model  is  constructed  which  alters  the  designation  of 
independent  and  dependent  LV’s,  it  is  always  possible  to  add  parameters  to  the 
model  sc  as  to  obtain  a  model  which  can  generate  the  -same  covariance  structure  as 
the  true  model.  The  resulting  model  would  be  distinguishable  from  the  true  model 
only  on  substantive  grounds.  Given  this,  It  was  felt  that  allowing  such 
misspecificatiors  would  Introduce  a  very  great  complication  cf  limited  interest. 
Therefore,  the  restriction  defined  above  was  imposed,  'which  is  analogous  to 
granting  the  validity  of  an  empirical  assumption  that  the  initial  model  contains  the 
correct  designation  of  independent  and  dependent  LV’s.  The  misspecified  initial 
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models,  then,  are  characterized  by  two  types  of  specification  errors:  (a)  errors  of 
emission,  where  a  parameter  present  in  the  true  structural  model  Is  omitted  in  the 
misspecified  model;  and  (bj  errors  of  inclusion,  'where  a  parameter  net  present  in 
the  true  structural  model  is  included  in  the  misspecified  model.  Misspecified 
initial  models  will  be  designated  by  the  letter  representing  the  corresponding  true 
model,  followed  by  an  integer  (e.g.,  Ai,  A2,  etc.). 

Strategy  for  Conducting  Specification  Searches 
After  misspecified  initial  models  were  fit  to  samples  drawn  from  populations 
representing  models  A  and  B,  specification  searches  were  conducted  for  each 
sample  by  following  common  procedures  for  using  Mi’s  and  T  values.  At  each 
step,  the  fixed  structural  parameter  with  the  largest  significant  (cf.01)  MI  was 
freed.  This  was  repeated  until  a  model  with  no  significant  Ml’s  was  obtained. 
Free  parameters  with  non-significant  T’s  In  that  model  were  then  Identified.  This 
strategy  employs  the  most  common  information  used  In  specification  searches,  and 
follows  the  guidelines  discussed  In  section  1.2  above.  In  addition  the  likelihood 
ratio  test  was  evaluated  at  each  step  In  each  search.  It  must  be  emphasized  that 
this  statistic  does  not  provide  a  legitimate  hypothesis  test  for  any  model  beyond  the 
initial  model  in  each  search,  since  modified  models  are  based  In  part  on  the 
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sample  being  fit  (Cliff,  1983).  Nevertheless,  the  behavior  of  this  statistic  Is  of 
Interest  here.  Finally,  the  success  of  each  search  was  evaluated  In  terms  of 
whether  or  not  the  final  step  produced  a  model  ’which  matched  the  correct 
population  model  [A  or  B). 

Issues  investigated 

Given  a  substantive  Initial  model,  effects  of  the  following  factors  on  the  success 
of  specification  searches  were  Investigated:  (a)  the  number  of  specification  errors 
in  the  structural  model;  (b)  the  use  of  prior  restrictions  on  permissible 
modifications  of  the  model;  and  (c)  sample  size.  In  one  sense,  the  effects  of  these 
factors  are  somewhat  predictable.  That  Is,  one  would  expect  specification  search.es 
to  work  better  when  there  are  fewer  specification  errors  in  the  Initial  model,  when 
correct  restrictions  on  permissible  modifications  are  Imposed,  and  when  sample 
size  Is  large.  The  purposes  of  the  present  study  are  to  Investigate  and  demonstrate 
the  nature  and  degree  of  these  effects,  as  well  as  to  shed  some  light  on  the 
likelihood  of  success  of  a  specification  search  under  various  conditions. 

The  Number  of  Specification  Errors 

The  general  Issue  to  be  studied  here  Is  whether  the  likelihood  of  a  successful 
specification  search  Improves  when  there  are  fewer  specification  errors  In  the 
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structural  model.  To  Investigate  this  phenomenon,  the  misspecified  models  shown 
in  Figure  2  were  defined  so  as  to  represent  different  degrees  of  misspeclficatlon 
of  model  A.  Note  that  model  A1  contains  one  error  of  omission;  A 2  contains  one 
omission  and  one  inclusion;  and  A2  cotairs  two  amissions  and  one  inclusion. 
Based  on  the  population  covariance  matrix  2^,  20  sample  covariance  matrices 
were  constructed  representing  samples  of  N=300  cases.  Models  A1 ,  A2,  and  A3 
were  then  fit  to  these  samples,  and  specification  searches  were  conducted  to 
determine  whether  the  true  model  A  could  be  identified. 


Insert  Figure  2  about  here 


Restricted  vs.  Unrestricted  Searches 

As  mentioned  above,  an  important  issue  In  the  conduct  of  a  specification  search 
involves  the  ability  of  the  investigator  to  provide  substantive  support  for 
respective  model  modifications.  In  practice,  such  an  effort  should  enhance  the 
quality  of  the  search  by  reducing  the  likelihood  of  creating  further  specification 
errors  via  model  modifications.  In  the  present  study,  this  issue  is  investigated  by 
applying  two  different  search  strategies.  .An  unrestricted  search  will  be  defined  as 
a  search  wherein  model  modifications  are  made  without  restriction;  that  is,  the 
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fixed  structural  parameter  with  the  largest  significant  Mi  is  freed,  regardless  of 
its  nature,  and  all  free  structural  parameters  with  non-significant  T  values  are 
deleted.  A  restricted  search  will  be  defined  as  a  search  'wherein  restrictions  are 
imposed  so  that  no  Invalid  modifications  can  be  made;  i.e.,  no  parameter  defined  as 
zero  in  the  true  model  may  be  freed,  and  no  non-zero  parameter  in  the  true  model 
may  be  fixed  during  the  search.  The  unrestricted  strategy  simulates  the  empirical 
situation  in  which  the  researcher  does  not  attempt  to  substantively  justify 
modifications,  or  perhaps  'worse,  finds  a  way  to  justify  ary  modification.  The 
restricted  strategy  simulates  the  optimal  situation  in  which  the  researcher  has 
sufficient  substantive  and  theoretical  knowledge  so  as  to  avoid  imposing  further 
specification  errors  during  the  search.  To  investigate  the  performance  of  these 
two  strategies,  both  types  of  searches  were  applied  to  20  sample  covariance 
matrices  generated  from  population  covariance  matrices  and  Zq,  respectively. 
Sample  size  'was  set  at  300.,  which  would  be  considered  an  adequately  large 
sample  size  for  the  models  In  question.  Mode!  A3  'was  'used  as  the  initial  model 
for  the  samples  based  on  model  A,  and  model  Bl,  shown  In  Figure  2,  was  used  as 
the  initial  model  for  the  samples  based  on  model  B. 


It  seems  likely  that  the  success  of  specification  searches  should  impcrve  as 


sample  size  increases.  A  larger  sample  yields  a  covariance  matrix  which  is  likely 
to  be  a  better  estimate  of  the  population  covariance  matrix,  and  should  thus  offer  a 
better  opportunity  of  successfully  locating  the  correct  model.  Furthermore, 
larger  samples  should  yield  more  stable  Mi’s  and  T’s,  thus  reducing  the  likelihood 
of  invalid  modifications  of  a  model. 

To  investigate  these  Issues,  specification  searches  were  conducted  for  20 
samples  of  size  100  drawn  from  populations  with  covariance  matrices  and  Zg, 
using  initial  misspeclfled  models  A3  and  Bl,  respectively.  Both  unrestricted  and 
restricted  searches  were  conducted.  A  sample  size  of  i  00  would  be  considered 
too  small,  by  most  criteria,  for  the  models  'used  here.  Results  from  these 
searches  can  be  compared  to  results  based  on  similar  searches  using  samples  of 
size  wlilij  ciS  Ci  escribed  In  the  previous  section. 


nummary 

To  summarize,  'unrestricted  specification  searches  were  conducted  on  20 
samples  of  N=3G0  from  population  A,  using  Initial  models  A1  and  A2.  In 
addition,  20  samples  were  analyzed  In  each  of  the  eight  conditions  created  by 
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crossing  two  Initial  models  (A3  and  Bil  with  two  strategies  (unrestricted  and 
restricted)  with  two  sample  sizes  (300  and  100).  Given  the  purposes  of  the 
study,  it  was  not  deemed  necessary  to  create  a  complete  factorial  design  or  to  use 
a  larg-  number  of  replications  per  condition.  Results  will  be  seen  to  serve  the 
purposes  of  revealing  and  demonstrating  some  Interesting  and  important 
phenomena. 

All  model  fitting  ’was  carried  out  using  the  maximum  likelihood  option  of  the 
LISREL  VI  ccmrjter  program,  version  6.3  (Joreskog  and  Sorbom,  1984). 
Searches  were  conducted  with  the  aid  of  the  "automatic  modification"  option,  by 
which  the  fixed  parameter  with  the  largest  significant  Ml  Is  automatically  freed  to 
create  a  new  model.  Unrestricted  searches  'were  conducted  by  freeing  that  fixed 
parameter  which  exhibited  the  largest  MI  significant  at  the  .01  level.  In 
restricted  searches,  fixed  structural  parameters  which  were  defined  as  zero  in  the 
true  model  were  not  allowed  to  be  freed,  regardless  of  the  size  of  the 
corresponding  Mi’s. 

RESULTS  OF  SPECIFICATION  SEARCHES 

This  section  provides  a  presentation  and  summary  of  results  of  the  20 
specification  searches  conducted  under  each  of  the  conditions  described  above, 
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Tables  are  presented  showing  the  history  of  steps  within  each,  search  for  all  of  '.he 
large-N  conditions.  Given  the  variety  of  phenomena  and  the  sampling  variability 
which  occurred  during  the  search.es,  the  author  believes  that  these  Individual 
search,  histories  are  quite  Informative.  For  the  Initial  model  and  each  modified 
model  created  within  each  search,  the  tables  provide  the  probability  level  for  the 
overall  \z  test;  a  list  of  up  to  three  parameters  with  the  largest  significant  Mi’s 
toK.O!)  ordered  from  largest  to  smallest  Ml;  and  a  list  of  parameter  estimates 
which  yield  nonsignificant  T-values  (IT! <2.00)  in  the  final  mocei,  Results  for  the 
small-N  conditions  will  be  presented  In  summary  form. 

Results  for  unrestricted  Searches  Based  on  N=300 
Considering  first  model  Al,  recall  that  the  only  misspeclflcation  In  this  initial 
model  is  the  omission  of  parameter  faro  the  true  model  A.  Thus,  the  ideal 
result  of  a  specification  search  beginning  with  model  Al  would  be  to  find  a 
significant  xJ  for  the  initial  model,  along  with  the  largest  significant  MI  for  '^2' 
7nen,  after  freeing  y-^i  we  have  the  correct  model  and  would  hope  to  find  no 
significant  Mi’s  and  no  non-significant  T’s.  The  left  side  of  Table  2  shows  the 
history  of  the  20  searches  using  Initial  model  AL  Inspection  of  these  results 
reveals  only  one  significant  difficulty  which  prevents  nearly  ail  the  searches  from 
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following  the  ideal  sequence:  the  presence  of  several  non-slgnlflcant  yr’s  for  the 
initial  model.  Note  that  these  'values  reflect  Type  11  decision  errors;  l.e.,  the 
failure  to  reject  a  model  which  is,  in  fact,  misspecified.  Table  2  shows  that  six 
of  the  20  searches  yielded  Type  II  errors  for  the  initial  model.  However,  if  the 
search  were  allowed  to  proceed  even  in  the  face  of  a  non-significant  y2,  It  can  be 
seen  that  19  of  the  20  searches  would  be  successful.  The  only  failure  arose  in 
sample  it  15,  where  the  Ml  for  y 2 ?  is  not  significant.  The  occurrence  of  a 
substantial  number  of  Type  II  errors  will  be  seen  to  be  a  recurring  finding  In  this 
study,  and  is  discussed  further  below.  In  the  remaining  presentation  of  results,  it 
will  be  assumed  that  a  search  may  be  continued  even  when  the  overall  y2  is  non¬ 
significant  if  further  significant  modifications  In  the  model  are  available.  Finally, 
it  should  be  noted  that  all  searches  based  on  model  Ai  stopped  after  one  step,  with 
all  solutions  shewing  no  significant  Mi’s  and  no  non-significant  T’s. 


Insert  Table  2  about  here 

Results  for  searches  based  on  initial  model  A2  are  presented  in  the  right  side 
of  Table  2.  Note  that  A2  contains  one  emission  (722!  and  one  Inclusion  (722). 
The  optimal  search  beginning  with  A2  would  yield  a  significant  \2  for  the  initial 
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model,  accompanied  by  the  largest  significant  Ml  for  Freeing  ^^2  wou^ 
yield  a  model  with  a  non-significant  yJ*  no  significant  Mi’s,  and  one  non¬ 
significant  T  for  Considering  the  search  histories,  It  can  be  seen  that  1 1  of 
the  20  samples  yielded  Type  II  errors  for  the  initial  model.  When  Mi’s  for  all 
solutions  were  examined,  an  interesting,  but  not  unusual  phenomenon  occurred: 
Mi’s  for  two  different  structural  parameters,  722  and  were  almost  identical 
in  each  sample.  In  fact,  it  can  be  shown  that  freeing  either  of  these  parameters 
would  have  the  same  effect  on  the  fit  of  the  model,  and  that  any  observed 
difference  in  their  Ml’s  was  due  only  to  rounding  error.  Thus,  for  these  analyses, 
automatic  modification  was  not  applicable;  the  user  must  choose  between  7^22  and 
0*0  as  the  first  parameter  to  be  freed.  A  choice  of  wou^  create  a  new 
m ^specification  in  the  model,  while  a  choice  of  722  wou^  constitute  a  valid 
modification.  The  search  histories  for  model  A2  shown  In  Table  2  represent  an 
assumption  that  the  user  could  correctly  distinguish  between  these  alternatives  in 
practice.  Under  this  assumption,  It  can  be  seen  that  17  of  the  20  searches  were 
successful.  The  three  failures  occurred  for  three  different  reasons:  sample  it  6 
failed  due  to  the  lack  of  a  significant  Ml  In  the  Initial  solution;  sample  it  7  failed 
due  to  a  Type  1  error  after  was  added  to  the  model;  and  sample  it  4  showed  an 
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extra  nee -significant  T  in  the  final  mode!.  Though  not  shown  in  Table  2,  none  of 


the  solutions  showed  any  significant  Mi’s  after  the  first  modification. 


Specification  searches  beginning  with  model  A3  were  much  less  successful. 
Note  that  this  model  contains  two  errors  of  omission  ^  and  y^)  and  one 
inclusion  (y^).  An  ideai  search  would  yield  a  significant  y3  for  the  Initial  model, 

.L.  sJ 

accompanied  by  the  largest  significant  MI  for  either  y or  y 22 •  T^9  fa's' 
modified  model  would  also  yield  a  significant  y3,  and  the  largest  significant  Ml  ter 
the  remaining  missing  parameter.  Freeing  that  parameter  would  yield  a  model 
with  a  ncn-slgnificant  y3,  no  significant  Mi’s,  and  a  non-significant  T  for  "^e 
search,  histories  shown  in  Table  3  reveal  that  none  of  the  searches  followed  this 


pattern.  In  addition  to  the  occurrence  of  five  Type  II  errors  for  the  initial  model, 
a  new  problem  arose.  For  19  of  the  20  samples,  the  largest  MI  in  the  structural 
model  was  for  parameter  S<  'which  is  not  a  parameter  in  the  correct  model  A. 

L  Ct 

Thus,  freeing  this  parameter  created  an  additional  specification  error  in  the  first 
steo  of  the  search.  When  this  was  dene,  19  of  the  19  samples  yielded  a  non¬ 
significant  y3,  with  no  large  Mi’s.  At  first  glance,  these  results  suggest  that  the 
specification  searches  produced  an  alternative  model  with  acceptable  fit.  However, 
closer  inspection  of  these  solutions  revealed  symptoms  of  problems.  Most 
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Importantly,  It  was  found  that  17  of  the  solutions  showed  a  negative  squared 
multiple  correlation  for  q, ;  this  resulted  from  the  estimate  of  the  residual 
variance  for  f),  being  greater  than  its  actual  variance.  As  noted  by  Joreskog  and 

a 

Sortom  (1984),  such  everts  should  be  Interpreted  as  danger  signals.  In  this  case, 
they  arose  due  to  the  severe  mlsspecificatlon  created  In  the  first  .step  of  the 
specification  search.  Thus,  the  failure  of  the  search  was  revealed  for  these  17 
samples.  It  is  worth  noting  that  these  solutions  often  yielded  other  strange 
happenings,  such  as  non-significant  T’s  for  (after  it  had  been  freed  due  to  its 
large  Ml),  and  non-significant  T’s  for  other  structural  parameters.  In  any  case,  it 
is  clear  that  all  20  of  these  searches  failed  to  locate  the  correct  model. 


Insert  Table  3  about  here 


For  another  illustration,  consider  model  31,  which  contains  two  errors  of 
omission  (0O)  and  and  two  errors  of  Inclusion  (£<,.  and  y9?).  The  ideal 
search  in  this  case  would  begin  with  a  significant  for  the  Initial  model, 
accompanied  by  the  largest  significant  MI  for  either  ^  or  Freeing  one  of 

these  would  yield  a  model  which  would  again  show  a  significant  and  the  largest 
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significant  M!  for  the  remaining  missing  parameter.  Freeing  that  parameter  'would 
produce  a  model  ’which  ’would  yield  a  non-signlflcant  y:,  no  significant  Mi’s,  and 
non -significant  T’s  for  ^  <  and  -y  The  search  histories  shown  In  Table  A  reveal 
that,  'while  none  of  the  searches  followed  exactly  this  pattern,  four  did  arrive  at  the 
correct  model  if  searches  'were  continued  in  spite  of  non-signlflcant  x2’s*  To 
summarize  the  'various  problems  encountered  In  these  searches,  there  were  five 
Type  II  errors  for  the  initial  solutions,  and  19  after  one  modification.  Of  the  20 
searches,  eight  failed  due  to  an  Invalid  modification  at  the  first  step,  three  more 
failed  due  to  an  Invalid  modification  at  the  second  step,  and  five  failed  due  to  the 
lack  of  any  significant  Mi’s  after  one  modification  was  made.  The  remaining  four 
searches  provided  correct  identification  of  the  true  model. 

Insert  Table  A  about  here 


Results  for  Restricted  Searches  Based  on  N=300 
As  described  above,  restricted  specification  searches  were  conducted  using 
Initial  models  A3  and  Bt,  These  Initial  models  were  each,  fit  to  20  samples  of 
N=30G  drawn  from  populations  represented  by  covariance  matrices  2^  and  Zg, 
respectively,  and  searches  'were  conducted  under  the  restriction  that  no  parameter 
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which  did  not  exist  In  the  trje  model  could  be  freed  during  the  search,  regardless 
of  the  magnitude  of  Its  MI. 

Restricted  searches  beginning  with  model  A3  required  only  the  restriction  that 
parameter  8,1  not  be  freed.  Table  5  presents  results  of  these  searches;  note  that 
results  for  the  Initial  model  were  the  same  as  those  for  the  unrestricted  searches, 
since  the  same  20  samples  were  employed.  Type  II  errors  were  again  found  --  five 
for  the  Initial  model,  and  five  after  one  modification.  Of  the  20  searches,  11 
failed  at  the  initial  solution  due  to  the  lack  of  any  significant  permissible  Mi’s. 
One  more  failed  for  the  same  reason  after  one  modification.  Of  the  eight  searches 
which  made  the  first  two  modifications  correctly,  one  failed  after  that  point  due  to 
a  Type  !  error.  Thus,  allowing  searches  to  continue  In  spite  of  nonsignificant 
X*’s,  seven  of  the  20  restricted  searches  based  on  model  A3  resulted  In  the 
correct  identification  of  model  A. 


Insert  Table  5  about  here 

Restricted  searches  based  on  model  Bl  required  that  the  following  parameters 
not  be  allowed  to  be  freed  during  the  search:  jS^,  ^3,  £33*  ^4*  ^24‘  ^34’ 
8^ , ,  72  j ,  73 1 ,  Y32»  Yq  j »  and  Results  of  these  searches  are  shown  in 
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Table  6.  Type  II  errors  were  again  common,  with  five  found  for  the  Initial  model, 
and  19  after  one  modification.  Ail  20  searches  made  a  valid  modification  In  the 
first  step,  but  nine  failed  after  that  first  step  due  to  the  lack  of  additional 
significant  Mi’s  representing  permissible  modifications.  The  remaining  1 1  made 
the  second  valid  modification  and  yielded  non-significant  y2’s  and  the  correct  pair 
cf  non-significant  T’s.  Thus,  i  1  of  the  20  searches  were  successful  if  continued 
in  spite  of  non-significant  y2’s. 

Insert  Table  6  about  here 

Results  for  Searches  Based  on  1 00 

Both  unrestricted  and  restricted  searches  were  conducted  on  20  samples  of 
N=!00  observations  drawn  from  populations  represented  by  covariance  matrices 
Z^  and  Zo,  using  Initial  models  A3  and  Bl,  respectively.  Results  of  these 
searches  will  be  discussed  In  summary  form,  without  presenting  tables  of  search 
histories.  The  searches  'were  uniformly  unsuccessful  and  were  characterized  by  a 
variety  of  problems,  Including  Improper  solutions,  lack  of  significant  Mi’s,  and 
invalid  nonsignificant  T’s.  (Note:  An  improper  solution  Is  one  In  which  one  or 
more  parameter  estimates  are  out  of  bounds,  such  as  variance  estimates  being 
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negative.  The  occurrence  of  such  a  solution  was  considered  as  sufficient  reason  to 
halt  the  specification  search.) 

For  the  20  unrestricted  searches  based  on  model  A3,  there  were  four  improper 
solutions  for  the  initial  model.  Of  the  16  proper  solutions,  M  yielded  Type  II 
errors,  and  eight  showed  no  significant  Mi’s.  Of  the  eight  searches  which  did 
carry  out  a  modification,  seven  freed  a  parameter  which  did  not  exist  in  the  true 
model.  The  only  search  which  made  a  correct  first  step  failed  due  to  the  lack  of 
additional  significant  Ml’s  after  that  step.  Thus,  all  20  searches  failed,  and  many 
solutions  exhibited  invalid  non-significant  T’s  and  negative  squared  multiple 
correlations  for  rj4,  as  discussed  above.  The  restricted  searches  for  the  same 

i. 

samples  were  also  completely  unsuccessful.  Only  two  of  the  20  searches  executed 
a  valid  first  modification,  and  both  then  failed  for  lack  of  a  significant  MI 
representing  the  second  modification. 

Results  based  on  Initial  model  B1  were  equally  discouraging.  For  the  20 
samples  analyzed,  results  for  unrestricted  searches  matched  those  for  restricted 
searches  since  no  invalid  modifications  were  made  during  the  unrestricted 
searches.  For  the  initial  model,  M  solutions  were  improper.  For  the  six  proper 
solutions,  two  searches  failed  Immediately  due  to  lack  of  any  significant  Mi’s. 
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Four  searches  did  execute  a  valid  first  modification,  but  then  failed  for  the  lack  of 


further  significant  Mi’s. 


The  results  for  the  analyses  of  small  samples  are  easy  to  summarize:  there 


were  numerous  improper  solutions,  and  ail  specification  searches  conducted  on 


proper  solutions  failed  to  locate  the  correct  model. 


DISCUSSION 


A  disturbing  aspect  of  the  results  presented  above  was  the  high  frequency  of 


T;pe  II  decision  errors  for  all  types  of  searches.  The  author  doubts  that  this 
occurred  as  a  function  of  the  particular  models  used  here,  since  similar  results 


were  obtained  using  a  variety  of  other  models.  Rather,  this  phenomenon  was 
probably  due  to  a  combination  of  (a)  a  relatively  lew  level  of  power  for  the  models 
and  samples  employed,  and  (b)  the  phenomenon  of  capitalization  on  chance  in  the 


search,  process.  The  first  problem  could  have  been  alleviated  somewhat  via  the 


use  of  larger  samples  and/or  the  use  of  larger  true  parameter  values  for  the 


structural  paths.  Both  of  these  changes  would  Increase  the  power  of  the  likelihood 


ratio  test  for  the  mlsspecifled  models.  However,  the  large  sample  size  of  300 
and  the  structural  path  coefficients  of  A  do  not  seem  particularly  low  when 
compared  to  published  applications.  The  second  problem  refers  again  to  the  fact 
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that,  since  the  search  process  Is  In  part  data-driven,  there  will  be  a  tendency  for 
this  process  to  capitalize  on  chance  and  !n  turn  yield  inflated  measures  of  fit  for 
modified  models. 

The  most  Important  implication  of  the  common  occurrence  of  Type  II  errors  In 
the  present  study  is  that  Investigators  should  not  interpret  a  non-significant  y2  as  a 
signai  to  stop  a  specification  search.  Given  the  high  frequency  of  Type  II  errors 
found  here,  along  with  the  fact  that  the  great  majority  of  successful  searches  were 
achieved  only  by  continuing  the  search  beyond  a  model  with  a  non-significant  y2, 
there  is  a  clear  indication  that  stopping  searches  as  soon  as  a  non-significant  y2  Is 
obtained  may  greatly  reduce  the  success  rate.  Thus,  It  Is  recommended  that,  when 
a  model  with  a  non-slgnlflcant  y2  Is  obtained,  the  investigator  still  examine  Mi’s 
and  related  Information  to  determine  whether  there  exist  further  modifications 
which  would  significantly  improve  goodness  of  fit. 

Results  presented  above  also  serve  to  demonstrate  the  tendency  for  searches  to 
be  less  successful  when  initial  models  contain  more  specification  errors.  Models 
At,  A2,  and  A3  contain  successively  more  errors,  and  the  number  of  successful 
searches  using  these  Initial  models  becomes  successively  smaller.  (Model  Bt 
actually  contains  more  errors  than  dees  A3,  but  yields  more  successful  searches; 
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however,  given  the  confounding  of  number  of  errors  with  true  model,  this 
comparison  probably  should  not  be  viewed  as  contradicting  the  effect  being  shown.) 
The  author  does  not  suggest  that  this  effect  is  exhaustively  Investigated  here. 
Rather,  these  resuits  can  be  considered  a  demonstration  of  the  importance  of  close 
correspondence  between  initial  models  and  true  models.  A  closer  correspondence 
should  enhance  the  likelihood  of  a  successful  specification  search,  it  is  quite  clear 
that  researchers  must  not  proceed  by  constructing  a  haphazard  initial  model  and 
relying  on  a  specification  search  to  lead  them  to  the  true  model. 

Results  also  reveal  the  'value  of  a  restricted,  as  opposed  to  an  unrestricted, 
search  strategy.  Successful  restricted  searches  outnumbered  successful 

unrestricted  searches  7-0  for  model  A3,  and  11-4  for  model  31  (for  N=300). 
This  emphasizes  the  point  that  searches  have  a  greater  likelihood  of  success  if 
investigators  can  employ  substantive  and  theoretical  information  to  help  determine 
whether  particular  modifications  are  permissible.  Without  such  restrictions 
applied  in  practice,  the  likelihood  of  success  will  be  greatly  reduced.  A  very 
important  condition  for  this  conclusion  is  that  a  search  be  allowed  to  continue  even 
when  a  model  yielding  a  non-signlflcant  x2  is  obtained.  If  the  search  Is  required  to 
stop  when  becomes  non-slgniflcant,  then  the  number  of  successes  falls 
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dramatically,  to  two  for  rr.odei  A3  and  zero  for  model  Bl. 

The  results  also  demonstrate  the  drastic  effect  of  sample  size  on  the  success  of 
specification  searches,  with  all  searches  failing  when  sample  size  was  set  at  ICQ, 
It  is  well  known  that  large  samples  are  needed  in  covariance  structure  modeling  in 
order  to  provide  valid  use  of  the  y:  test  and  efficient  parameter  estimates,  and  to 
avoid  improper  and  non-cx vergert  solutions  (Boomsma,  1932).  Present  results 
show  that  large  samples  are  needed  also  in  order  to  enhance  the  likelihood  of  a 
successful  specification  search.  Given  these  resuits,  it  would  he  very  difficult  to 
have  any  confidence  in  the  'validity  of  the  outcome  of  a  specification  search  based  on 
a  small  sample. 

CONCLUSIONS 

These  findings  suggest  that  there  are  several  things  that  empirical  investigators 
can  do  to  enhance  the  likelihood  of  success  in  specification  searches.  These  include 
[a;  careful  formulation  cf  the  initial  model,  so  as  to  maximize  correspondence 
between  it  and  the  true  model;  (b)  use  of  as  large  a  sample  as  possible;  (c)  use  of  a 
restrictive  search  strategy,  'wherein  no  model  modifications  are  made  without 
rigorous  substantive  justification;  and  (d)  a  willingness  to  continue  a  search  beyond 
the  point  of  finding  a  model  with  a  nonsignificant  x2- 
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However,  even  under  these  guidelines,  researchers  should  be  quite  cautious  with 
respect  to  their  confidence  In  a  good-fitting  model  which  Is  the  product  of  a 
specification  search.  Note  that,  even  with  correct  restrictions,  and  allowing 
searches  to  continue  despite  non-slgnlflcant  x2>s,  only  about  half  of  the  searches 
reported  In  Tables  5  and  6  were  successful.  This  Is  a  discouraging  result  In  that 
It  suggests  that  the  outcomes  of  many,  If  not  most,  specification  searches  in 
practice  may  not  correspond  to  correct  population  models.  Thus,  Investigators 
should  not  Interpret  their  final  model  as  If  It  corresponds  to  the  correct  model, 
and  they  should  attempt  to  cross-valldate  their  final  model  by  fitting  it  to  an 
independent  sample  (Bentler,  1980;  Cliff,  1983).  Only  with  a  well-designed 
Initial  study,  a  carefully  conducted  search,  and  positive  cross-validation  results 
can  a  researcher  begin  to  argue  for  the  validity  of  a  model  which  has  resulted 
from  a  specification  search.  Despite  the  fact  that  results  based  on  only  a  small 
number  of  true  and  misspeclfled  models  are  presented  here,  the  author  wishes  to 
emphasize  that  similar  analyses  were  conducted  using  a  variety  of  other  models, 
and  that  similar  results  were  obtained. 

Finally,  the  author  suggests  that  results  presented  here  may  actually  represent 
a  "best  case"  view  of  specification  searches.  Initial  model  mlsspeclflcatlons  and 
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Table  1 

Popdatlx  Covariance  Matrices  for  Models  A  and  3 
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XI 
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X5  X6 
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..600 

X2 

.512 

.910 

.621 

.997 

.300  1.290 

X3 

.690 

.512 

.776 

.62 1 
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Model  B 
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Y2 

Y3 

Y9 

Y5  Y6 

Y7  Y3 

XI 

X2 

X3 
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Y2 
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X9 

.980 

.389 

.192 

.159 

.077  .061 

.031  .025 

.900 

.320 

.800 

Specification  Searches 


Table  2 

Unrestricted  Specification  Search  Histories  for  Initial  Models  A!  and  A2 
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Table  3 

Unrestricted  Soeclflcatlon  Search  Histories  for  Initial  Model  A3 
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Table  <1 

Unrestricted  Specification  Search  Histories  for  Initial  Model  B 1 
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ABSTRACT 


INTRODUCTION 


There  has  been  a  growing  interest  in  pulmonary  ventilation  and  its 
distribution  in  the  lungs  under  normal  and  abnormal  situations.  Of  particular 
current  interest  are  ventilation  distribution  and  gas  exchange  during 
mechanical  ventilation  by  high  frequency  oscillation  (4,20).  Consequently,  in 
a  first  attempt  to  extend  previous  ventilation  modeling  (5,6,12,19)  to  include 
higher  frequencies  and  flow  amplitudes,  we  present  the  model  which  is  to 
follow. 

This  research  began  as  an  effort  to  improve,  update  and  generally  build 
upon  cardiopulmonary  models  developed  by  Collins  and  co-workers  (6).  This 
phase  of  the  research  has  concentrated  on  improving  their  pulmonary 
ventilation  model.  We  believe  the  following  model  is  conceptually  much 
"cleaner"  and  much  less  cumbersome  to  use  and  interpret  than  the  one 
originally  presented  (6).  Our  criticism  of  their  model  has  been  presented 
elsewhere  (18).  In  addition,  we  have  added  elements  to  the  model  which  allow 
application  and  prediction  of  events  during  high  frequency  ventilation,  a 
topic  of  considerable  current  interest.  Of  course,  this  is  a  first  attempt 
and  we  anticipate  refinements  in  the  model  in  the  future.  Our  lack  of 
knowledge  of  regional  properties  in  the  tracheobronchial  tree  and  alveolar 
spaces  is  one  area  in  which  additional  research  is  direly  needed.  In  addition 
to  regional  resistances  and  compliances  of  bronchial  segments,  we  can  now  add 
regional  inertances  to  the  list,  since  these  become  important  in  high 
frequency  ventilation.  Unfortunately,  the  bronchial  tubes  do  not  behave  as 
straight  tubes,  for  which  much  engineering  information  is  known.  In  this 
respect,  the  field  of  biomedical  engineering  has  added  much  to  the  knowledge 
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base  of  flows  in  complex  branching  systems  since  they  are  seen  so  much  in 


physiological  systems.  The  physics  of  unsteady  flow  has  also  seen  a 
contribution  from  biomedical  engineering  as  well,  and  will  continue  to  do  so 
in  the  future  when  computational  methods  will  be  the  predominant  research  and 
design  tool. 

MODELS  AND  METHODS 

Because  the  six  alveolar  compartment  pulmonary  ventilation  model 
originally  proposed  by  Collins  et  al  (6)  is  redeveloped  here  to  include 
inertance  elements  as  well  as  resistance  and  compliance  elements,  a  simpler 
two  alveolar  compartment  model  is  presented  here.  The  present  model  builds  on 
the  ventilation  model  of  Shykoff  and  co-workers  (19)  and  Chang  and  Shykoff 
(5)  which  is  applicable  to  normal  (low  frequency)  ventilation. 

Two  Alveolar  Compartment  Model 

The  two  alveolar  compartment  model  is  shown  in  Fig.  1.  Upper  and  lower 
alveolar  compartments  (i.e.,  upper  and  lower  in  the  normal  upright  posture) 
having  compliances  C ^  and  C^  are  connected  to  two  bronchial  compartments 
having  flow  resistances  R9  and  R^  and  inertances  Lg  and  L^,  respectively.  The 
latter  parallel  compartments  are  in  series  with  a  central  bronchial 
compartment  having  resistance  Rc  and  inertance  Lc>  The  alveolar  compliances 
Cj  and  C£  are  computed  as  the  slope  of  the  transpulmonary  pressure-volume 
curve  of  the  lung,  which  is  modeled  by  the  hyperbolic-sigmoid  relationship 
given  by  Murphy  and  Engel  (11).  For  each  alveolar  compartment: 


max  min 


Where  P  is  regional  transpulmonary  pressure,  i.e.  compartment  alveolar 
pressure  minus  pleural  pressure,  (i.e.,  pressure  in  the  pleural  space 
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surrounding  the  lungs),  V  =  100(V  -  RV)/VC,  V  is  alveolar  compartment  volume, 


RV  is  compartment  residual  volume  and  VC  is  compartment  vital  capacity.  vmax> 

V  .  ,  a.,  A_,  A*  are  constants  used  to  fit  experimental  pressure-volume  data, 
mm  l  £  j 

We  used  the  values  suggested  by  Shykoff  et  al  (19),  i.e.  V  =  135*,  V  .  = 

max  min 

-2.0*,  A ^  =  1500  cmHo0,  A^  =  50  cml^O  and  A^  =-8.5  cml^O. 

The  same  pressure-volume  (P-V)  relationship  is  used  for  each  compartment, 
which  is  shown  in  Fig.  2.  However,  due  to  the  nonlinear  P-V  curve  and  the 
fact  that  transpulmonary  pressures  are  different  in  the  two  alveolar 
compartments  due  to  the  pleural  pressure  gradient,  the  compliance  of  the 
alveolar  compartments  are  different.  For  the  two  alveolar  compartment  model, 
the  pleural  pressure  of  the  lower  compartment  is  2  cniH^O  greater  than  that  of 
the  upper  compartment.  However,  this  gravity-dependent  pressure  difference  is 
a  parameter  of  the  model  and  may  be  adjusted.  As  a  result  of  this  pleural 
pressure  difference,  the  following  regional  lung  volumes  result: 


where  FRC  is  functional  residual  capacity.  These  volumes  were  computed  as  the 

product  of  regional  percentage  volumes  experimentally  found  by  Milic-Emili 

(9,10)  and  the  corresponding  lung  subdivisions  found  by  Gibson  et  al  (8)  in 

normal  young  men.  Note  that  the  RV,  VC,  and  FRC  of  the  entire  lung  can  be 

found  by  summing  the  contribution  from  each  compartment.  Regional  total  lung 

capacity  (TLC^J  is  by  definition  the  sum  of  regional  RV  and  VC.  TLC  of  the 

entire  lung  is  the  sum  of  the  TLC  .  Note  also  that  the  TLC  =  3.6  1  for  each 

r  r 

of  the  two  compartments,  thus  the  TLC  of  the  entire  lung  is  7.2  1.  Thus  the 


mm 


RVt  =  0.684  1\ 

VCL  =  2.916  l 

FRCl  =  1.52  1 

W-  V 

RV2  =  1.044  /; 

VC2  =  2.556  1 

FRC2  =  2.18  1 
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only  point  at  which  the  two  alveolar  compartments  have  the  same  volume  is  at 
TLC.  This  is  consistent  with  the  static  lung  volume  studies  of  Milic-Emili 
(9,10). 


Bronchial  flow  resistances  R^  and  R9  were  modeled  by  a  modified  Rohrer’s 


equation.  Rohrer’s  equation  is  a  pressure-flow  relationship  of  the  airways  in 


which  a  flow  squared  term  accounts  for  turbulent  losses  and  pressure 


differences  due  to  convective  acceleration  and  linear  term  in  accounts  for 


pressure  drop  in  laminar  flow.  While  we  have  shown  in  past  studies  (15,16,17) 


that  Rohrer’s  equation  is  applicable  to  bronchial  pressure  flow  relationships, 


the  interpretation  of  the  two  terms  as  being  due  to  laminar  and  turbulent 


losses  is  probably  not  valid.  In  all  likelihood  the  laminar  pressure  losses 


are  probably  in  the  linear  term  and  some  of  the  flow  squared  term.  However, 


Rohrer’s  equation  is  generally  accepted  as  a  convenient  empirical  relation. 


For  R^  and  R2,  the  resistance  equation  is  given  by 


R  (a.  H,0.  s.r‘j  =  0-3  M).4 

0.17  *  0.3  V  [1] 


where  V  is  the  local  flow  rate  and  V  is  the  volume  of  the  corresponding 


alveolar  compartment  and  the  quantities  in  brackets  indicate  the  units  for 


which  the  equation  is  valid.  The  denominator  function  in  volume  is  attributed 


to  Blide  and  coworkers  (2).  The  central  resistance  is  given  by 


R  (cm  H„0-s-(  ]  =  0.3  +  0.4  V  [i/s] 

c  c  c 


ehere  Vc  is  the  flow  rate  in  the  central  airway.  These  equations  were  also 


used  by  Chang  and  Shykoff  (5)  and  Shykoff  et  al  (19)  in  their  two  alveolar 


compartment  model  of  ventilation  distribution. 


Inertance  of  bronchial  tubes  has  been  little  investigated  (13). 


Presumably,  the  inertance  is  mostly  dependent  on  the  gas  inertance  in 
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bronchial  tubes  (13).  In  any  case,  we  used  the  following  inertance  values 
suggested  by  some  recent  experimental  work  in  the  human  respiratory  tract 

(14): 


L  =  0.0035 
c 


1^  =  0.005 


L2  =  0.005. 


2  -1 

The  units  for  inertances  above  are  cm  f^O-s  1 

The  system  was  driven  with  a  sinusoidal  pleural  pressure.  This  was  done 
to  simulate  actual  breathing  at  low  driving  frequencies  or  forced  oscillation 
at  higher  frequencies. 

The  following  differential  equations  can  be  derived  for  the  two  alveolar 
compartment  model. 


dP, 

dt 

dP^ 

dt 


=  R 


=  R 


dV 

c 

dt 

dV 

c 

dt 


4-  L 


d2V 


dt 


d2V 


dV 


+  R,  — -  4-  L,  —J.  +  —  (4a) 

1  dr 


+  L 


c  *7 


i 
dt 

dV„ 

i 

dt 


d2V 


1 


d2V0 


♦  Ro  —  +  L,  -Tf-  *  ~  (4b) 


dt 


dV 

c 

dvi 

.Hi 

dt 

dt 

dt 

d2v 

C 

d2Vi 

dt2” 

dt2 

dt 

(4c) 


(4d) 

dt‘  dt^  dt6 

where  P.  _  a  P  -  P  the  overall  pressure  difference  across  the  system, 

l  i  £  Pc  2  2  ®  * 

i.e.,  the  differences  between  the  compartmental  pleural  and  mouth  pressures 
for  the  two  pathways.  Equations  (4a,  b)  result  from  equating  the  overall 
pressure  difference  to  the  sum  of  the  pressure  differences  across  elements  of 
the  model  along  the  two  pathways.  Equations  (4c,  d)  are  based  on  mass  balance 
for  an  incompressible  fluid.  Thus,  the  model  assumes  that  the  gas  is 
incompressible.  This  assumption  is  reasonable  as  long  as  the  amplitude  of 
pressure  fluctuatiors  are  a  small  fraction  of  atmospheric  pressure.  Assuming 

46.9 


incompressibility  of  the  air  passages  is  probably  more  important  to  consider 
and  will  be  discussed  later. 

The  above  equations  were  combined  to  produce  two  second  order 

differential  equations  in  and  V^.  Initial  conditions  for  V^,  V^,  dV^/dt 

and  dV^/dt  were  set  at  2ero.  The  system  of  equations  was  solved  numerically 
using  an  Adams-Bashford  integration  scheme  (1). 

RESULTS  AND  DISCUSSION 

At  low  frequencies  of  pleural  pressure  driving,  our  results  should  be 
similar  to  those  of  Chang  and  Shykoff  (5)  and  Shykoff  et  al  (19).  However, 
the  latter  investigators  did  not  report  values  for  vital  capacity  (VC), 
residual  volume  (RV),  and  functional  residual  capacity  (FRC)  of  each  alveolar 
compartment.  Indeed,  the  two  studies  referred  to  above  presumably  used 
different  values  of  whole  lung  FRC  (3.7 1  in  (5)  vs.  2.81  in  (19))  yet  similar 
results  were  obtained.  Our  results  indicate  that  very  different  results 
should  occur,  even  for  a  smaller  difference  in  total  FRC.  It  should  be 
reiterated  that  compartmental  RV  and  VC  are  needed  to  set  limits  for  the 
transpulmonary  pressure-volume  curve  (P-V  curve)  of  a  compartment  via  Eq.  (1) 
and  regional  FRC  defines  the  equilibrium  state  of  a  compartment  on  the  P-V 
curve. 

Normal  whole  lung  FRC  in  the  upright  posture  range  between  30  and  55%  of 
the  TLC,  with  normal  values  in  males  of  about  42%  of  TLC  (22).  To  illustrate 
the  effect  of  whole  lung  FRC  on  ventilation  distribution  at  low  frequencies, 
we  chose  FRC’s  of  3.06  liters  and  3.7  liters,  corresponding  to  43%  and  51%  of 
the  TLC.  The  smaller  FRC  was  partitioned  between  the  two  compartments  in  the 
same  proportion  as  was  for  the  larger  value,  which  is  reported  in  the  Methods 


To  quantify  ventilation  distribution,  the  ratio  of  tidal  volume  of  the 
upper  to  lower  compartments  was  computed  from  the  numerical  solution.  Tidal 
volume  is  the  amount  of  gas  volume  that  enters  and  leaves  an  alveolar 
compartment  over  a  cycle. 

Fig.  3  shows  tidal  volume  ratio  as  a  function  of  driving  pleural  pressure 
amplitude  for  the  two  values  of  FRC  at  a  breathing  frequency  of  0.25  Hz  or  15 
breaths/min.  As  reported  by  Shykoff  et  al  (19),  the  tidal  volume  ratio  for  an 
FRC  =  3.7 1  is  nearly  invariant  with  pleural  pressure  amplitude.  However,  a 
striking  dependence  of  tidal  volume  ratio  on  FRC  is  readily  seen.  Apparently, 
Shykoff  et  al  (19)  did  not  study  the  effect  of  even  normal  variations  in  FRC 
on  tidal  volume  distribution. 

The  phenomena  presented  in  Fig. 3  has  been  explained  qualitatively  by  West 
(21).  Briefly,  because  the  pleural  pressure  is  greater  (i.e.,  less  negative) 
at  the  basal  region  than  at  the  apical  region  of  the  lungs,  the  expanding 
pressure,  i.e.,  alveolar  pressure  minus  pleural  pressure,  is  smaller.  The 
lower  region  thus  has  a  smaller  resting  volume  (FRC)  but  it  lies  on  a  steeper 
portion  of  the  sigmoid-shaped  P-V  curve  (Fig.  1).  Thus,  the  compliance  (slope 
of  the  P-V  curve)  is  greater  for  the  basal  region.  In  contrast,  due  to  the 
lower  pleural  pressure  in  the  apical  lung,  the  expanding  pressure  is  greater 
but  the  P-V  curve  is  flatter.  This  results  in  a  larger  regional  FRC  for  the 
apical  region  but  a  lower  compliance.  Since  compliance  of  the  alveolar 
regions  controls  ventilation  distribution  at  low  pleural  pressure  driving 
frequencies  and  amplitudes,  the  basal  region  expands  more  than  the  apical 
region. 

This  results  in  tidal  volume  ratio  of  upper  to  lower  regions  of  less  than 
unity,  as  shown  in  Fig.  3  for  FRC  -  3.7 1.  For  the  smaller  FRC  =  3.067,  the 
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regions  have  compliances  which  are  closer  to  being  equal.  This  results  from 
the  upper  region  moving  to  a  point  on  the  P-V  curve  which  is  steeper  while  the 
lower  region  moves  to  a  less  steep  point  than  for  the  higher  FRC  case.  The 
tidal  volume  ratio  thus  approaches  unity  at  low  driving  pressure  amplitudes. 

For  frequencies  above  1  breath/sec  (1  Hz),  inertance  must  be  included. 
This  observation  is  based  on  running  the  model  with  and  without  the  inertance 
terms  and  comparing  results.  Above  1  Hz,  the  tidal  volume  ratios  with  and 
without  inertance  elements  began  to  differ  by  more  than  10X.  The  values  of 
inertance  chosen  produced  a  4.5  Hz  resonant  frequency  of  the  system  when 
driven  at  the  smallest  pleural  pressure  amplitudes.  Driving  the  system  at 
small  pressure  amplitudes  produced  a  nearly  linear  system,  for  which  a 
resonant  frequency  is  clearly  defined.  The  resulting  resonant  frequency  is  in 
agreement  with  reported  values  (13).  High  frequency  results  reported  below 
were  obtained  after  initial  transients  had  died  out,  i.e.,  steady  state 
oscillation. 

Fig.  4  shows  the  effects  of  the  driving  pleural  pressure  frequency  and 
amplitude  on  tidal  volume  ratio.  Frequency  appears  to  have  only  a  small 
effect  on  tidal  volume  ratio  at  a  constant  pleural  pressure  amplitude.  Lower 
driving  pressure  amplitudes  show  a  tendency  for  tidal  volume  ratio  to  decrease 
with  frequency  while  higher  amplitudes  show  a  trend  toward  increasing  tidal 
volume  ratio  with  frequency.  In  all  cases,  more  uniform  distribution  of 
ventilation  occurs  than  was  seen  at  lower  frequencies.  Similar  results  have 
been  shown  by  Brusasco  and  coworkers  during  high  frequency  ventilation  in  dogs 
(3).  However,  studies  such  as  the  latter  usually  keep  tidal  volume  entering 
the  lungs  nearly  constant  while  frequency  is  adjusted  to  find  a  near  optimal 
gas  exchange  performance.  Consequently,  driving  pressure  amplitude  would 


FRC  =  3.7  LITERS  pleural  pressure  amplitudes 

~g—  5  cm  H20 
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increase  with  frequency  to  maintain  the  tidal  volume.  A  logical  next  study 
would  be  to  look  at  tidal  volume  ratio  as  a  function  of  frequency  at  several 
constant  levels  of  total  tidal  volume  delivered  to  the  central  bronchus.  This 
study  would  better  simulate  ventilation  distribution  during  mechanical 
ventilation  by  high  frequency  oscillation. 

The  effect  of  pleural  pressure  amplitude  on  tidal  volume  ratio  for  a 
constant  frequency  of  10  Hz  is  shown  in  Fig.  5.  Since  increasing  pleural 
pressure  amplitude  at  a  given  frequency  produces  an  increase  in  the  tidal 
volume  delivered  (it  does  so  in  a  nonlinear  way  due  to  the  nonlinear  system), 
Fig.  5  can  also  be  viewed  as  a  plot  of  tidal  volume  ratio  versus  tidal  volume 
delivered  to  the  central  bronchus.  This  result  demonstrates  a  fairly  strong 
decrease  in  the  tidal  volume  ratio  with  increasing  pleural  pressure  amplitude. 
This  curve  is  similar  in  shape  to  the  low  frequency  results  of  Fig.  3,  but  is 
shited  considerably  upwards  such  that  tidal  volume  ratios  of  considerably 
greater  than  unity  result  for  pleural  pressure  amplitudes  below  10  cm  HgO. 
This  phenomenon  has  been  observed  in  dogs  by  Fredberg  and  coworkers  (7).  They 
observed  that  "at  high  frequencies,  distension  of  the  lung  apex  is  favored 
when  tidal  volume  is  small,  whereas  distension  of  the  lung  base  is  favored 
when  tidal  volume  approaches  or  exceeds  dead  space". 

High  frequency  pendelluft  is  also  seen  in  the  model.  Pendelluft  is  the 
"sloshing  motion"  of  air  between  two  neighboring  lung  units  during  cyclic 
ventilation  (4,20).  It  is  observed  during  the  time  interval  between 
inspiration  and  expiration.  For  example,  near  the  end  of  an  inspiration,  a 
lung  unit  with  a  smaller  RC  time  constant  (the  "faster"  unit)  will  be  finished 
inspiring  and  ready  to  expire  while  an  adjoining  unit  with  a  larger  RC  time 
constant  (the  "slower”  unit)  is  still  inspiring.  Thus,  the  faster  unit  will 
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expire  into  the  still  inspiring  slower  unit  as  well  as  into  the  airway  common 
to  the  two  units.  Near  the  end  of  an  expiration,  the  slower  unit  will  expire 
into  the  ready  to  inspire  faster  unit.  Although  little  discussed  in  the 
literature,  L/R  would  also  be  a  time  constant  which  would  be  especially 
important  at  frequencies  above  resonance. 

The  phenomenon  of  pendelluft  is  illustrated  in  Fig.  6.  Flow  rates  in  the 
central  airway  and  in  the  airways  leading  to  the  upper  and  lower  compartments 
are  shown  as  functions  of  time  for  a  frequency  of  10  Hz.  Note  that  near  the 
end  of  an  inspiration  (at  ~  0.98  sec.),  the  lower  compartment  is  still 
inspiring  while  the  upper  compartment  is  already  expiring.  Near  the  end  of  an 
expiration  (at  ~  1.03  sec.),  the  lower  compartment  is  still  in  expiration 
while  the  upper  compartment  has  begun  inspiration.  Thus,  in  this  case,  the 
upper  compartment  is  the  faster  compartment  and  the  lower  compartment  is  the 


slower  one. 


CONCLUSIONS  AND  RECOMMENDATIONS 


A  two  alveolar  compartment  model  of  the  human  lung  predicting 
distribution  of  ventilation  has  been  developed.  It  appears  to  be  at  least 
qualitatively  accurate  in  its  predictions  both  at  low  breathing  frequencies 
and  high  ventilation  frequencies.  The  former  are  physiological  and  the  latter 
are  intended  to  simulate  mechanical  ventilation  by  high  frequency  oscillation 
of  the  pleural  pressure.  Experimental  data  of  the  type  needed  to 
quantitatively  verify  the  model  are  meager.  As  more  information  becomes 
available,  especially  on  high  frequency  ventilation,  verification  and 
subsequent  modification  of  the  model  will  be  done. 

In  the  meanwhile,  parameter  values  need  to  be  less  empirically  obtained. 
For  example,  not  enough  is  known  about  oscillatory  pressure-flow  relations  in 
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the  bronchial  tree,  especially  on  a  regional  level.  How  the  nonlinear 
properties  of  inertance  and  resistance  are  regionally  distributed  has  not  been 
fully  answered.  For  that  matter,  bronchial  compliance  (as  distinct  from 
alveolar  compliance)  also  has  not  been  considered  in  this  model.  The  latter 
is  a  complication  which  may  have  large  effects  on  the  ventilation 
distribution,  mixing,  and  overall  gas  exchange  (4).  Relating  bronchial 
geometry,  mechanical  properties  of  the  bronchial  walls,  and  gas  properties  to 
the  compliance,  resistance  and  inertance  is  recommended  for  future  work. 

For  example,  resistance  is  a  function  of  the  flow  rate,  bronchial 
lengths,  diameters,  branching  angles,  gas  density  and  viscosity,  flow 
direction,  and  oscillation  frequency.  The  main  problem  is  to  be  able  to 
handle  the  distribution  of  resistance  with  a  reasonable  number  of  resistance 
elements  for  which  a  reliable  equation  is  available.  This  will  probably  need 
to  involve  experimental  work  in  models  of  the  bronchial  tree,  since  laws  for 
straight  tubes  are  not  applicable  and  secondary  flows  due  to  bifurcations  and 
turbulence  itself  produce  unknown  dissipative  effects.  Also,  the  effects  of 
frequency  and  driving  pressure  or  tidal  volume  amplitude  on  resistance  in  the 
bronchial  tree  has  been  little  investigated.  The  same  as  the  above  can  also 
be  said  of  inertance  in  branched  tubes.  The  effects  of  the  waveform  shape  of 
the  driving  function  should  also  be  investigated.  Driving  the  system  with  a 
flow  generator  rather  than  a  pressure  generator  also  needs  to  be  studied.  In 
spite  of  the  many  additional  problems  which  need  to  be  addressed,  we  believe 
that  the  model  is  new  information  and  an  addition  to  the  present  state  of 
modeling  of  the  pulmonary  ventilation  system. 
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ABSTRACT 


The  USAF  Criterion  Task  Set  (CTS)  is  a  human  performance  test  battery  composed  of 
nine  tasks  which  measure  independent  information  processing  resources.  One  task 
measures  perceptual  input,  six  tasks  measure  central  processing  and  two  tasks  measure 
motor  output. 

An  evaluation  of  the  CTS  was  conducted  with  the  following  objectives: 

(1)  determine  the  required  number  of  sessions  to  achieve  asymptotic  performance 
on  each  CTS  task  when  naive  subjects  are  trained  on  all  tasks  or  some  subset 
of  tasks  concurrently, 

(2)  compare  the  performance  of  subjects  trained  on  all  nine  tasks  with  the  perfor¬ 
mance  of  subjects  trained  on  various  three-task  subsets, 

(3)  relate  task  performance  to  a  subjective  workload  assessment  measure,  and 

(4)  examine  the  inter-subject  variability  and  inter-task  performance  relationships. 

Twenty  subjects  were  divided  into  four  groups.  One  group  trained  on  all  nine  tasks. 
The  other  three  groups  trained  on  different  three-task  subsets.  All  subjects  trained  for 
two  hours  per  day  on  five  consecutive  days.  Performance  measures  for  the  majority  of 
tasks  included  response  time  and  accuracy.  Subjective  workload  measures  were  also 
obtained. 

For  the  majority  of  tasks  and  levels,  a  traditional  learning  curve  effect  was  observed 
with  little  difference  in  the  shape  of  the  curves  for  the  group  trained  on  all  nine  tasks 
vs.  the  other  groups.  The  required  number  of  trials  for  initial  stabilized  performance 
ranged  from  two  to  six  with  a  mode  of  four.  Continued  improvements  were  observed 
on  some  tasks  after  eight  to  ten  trials  for  the  groups  trained  on  the  three-task  subsets. 
With  one  exception,  there  were  no  statistically  significant  differences  between  the 
groups.  The  subjective  workload  ratings  showed  consistent  ordered  differences 
between  workload  levels  for  all  tasks  and  provided  a  comparison  of  the  relative 
difficulty  across  tasks. 
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1.0  INTRODUCTION 


Recent  trends  in  workload  research  have  concentrated  on  two  areas.  The  first  area  has 
been  the  development  of  workload  theory,  that  is,  models  which  can  predict  human 
information  processing/performance  capability.  The  second  area  of  concentration  has 
been  the  development  of  specific  measurement  techniques.  Unfortunately,  there  have 
been  very  few  attempts  to  coalesce  these  theory  and  task  developments  into  a  unified 
workload  assessment  methodology.  The  Air  Force  Criterion  Task  Set  (Shingledecker, 
1984)  is  part  of  an  effort  to  develop  such  a  methodology  to  aid  in  the  design  and 
operation  of  systems. 

1.1  Criterion  Task  Set  (CTS) 

The  Criterion  Task  Set  (CTS)  is  a  battery  of  tasks  developed  to  provide  a  practical 
instrument  for  human  performance  assessment.  It  was  designed  to  provide  a  set  of 
standardized  loading  tasks  to  evaluate  the  relative  sensitivity,  reliability  and  intrusive¬ 
ness  of  a  variety  of  available  workload  measures.  Preliminary  workload  metric  evalua¬ 
tion  studies  (Shingledecker  et  al.,  1983)  have  initiated  the  development  of  appropriate 
experimental  procedures  and  illustrated  the  potential  variation  in  diagnosticity  that 
exists  among  workload  measures. 

In  addition  to  the  original  design  intention,  the  CTS  forms  an  independent  Performance 
Assessment  Battery  which  may  be  used  to  assess  the  effects  of  various  stressors  and 
work  environments  on  individual  components  of  the  human  information  processing 
system. 

The  CTS  is  based  on  a  model  which  represents  a  synthesis  of  current  information  pro¬ 
cessing  theories  (primarily  Wickens,  1981  and  Sternberg,  1969).  According  to  these 
theories,  human  mental  performance  is  dependent  on  a  number  of  information  process¬ 
ing  resources,  stages  and  specific  functions.  The  CTS  model  was  constructed  to  out¬ 
line  a  minimal  set  of  potential  processing  resources,  and  to  identify  a  group  of  basic 
information  processing  activities  that  are  performed  by  these  structural  elements. 

The  model  hypothesizes  three  primary  stages  of  processing  and  associated  resources 
dedicated  to  perceptual  input,  central  processing,  and  motor  output  or  response  activi¬ 
ties.  Within  each  of  these  stages,  separate  resources  are  associated  with  the  mode  of 
input  (visual/auditory),  the  code  in  which  central  processing  is  performed  (spatial 
imaginal/abstract  symbolic),  and  the  mode  of  response  output  (manual/vocal).  In  addi- 


tion,  the  central  processing  stage  is  divided  to  differentiate  between  working  memory 
and  the  specific  types  of  processing  or  decision  functions  that  occur  at  this  stage. 

To  develop  the  model,  separate  elements  were  defined  to  specify  the  basic  limits  of 
short-term  storage  and  recall,  and  to  identify  qualitatively  different  levels  of  central 
decision  activity.  The  most  elementary  level  is  information  manipulation  or  transfor¬ 
mation  based  on  implicit  or  memorized  rules.  Such  activity  is  common  in  language 
comprehension,  mathematical  computation,  and  pattern  analysis.  Reasoning  functions 
represent  a  higher  level  of  central  activity  involving  the  extraction  of  relational  rules 
from  the  information  presented.  This  activity  occurs  during  problem  solving  and  in 
tasks  requiring  logical  analysis. 

The  above  elements  were  further  defined  in  terms  of  the  characteristics  of  tasks  which 
would  place  predominant  demands  on  them.  These  definitions  were  then  used  to  select 
candidate  tasks  for  the  CTS.  In  each  case,  the  ability  to  manipulate  task  demand  and 
to  minimize  loading  on  resources  not  tested  by  the  task  were  used  as  major  selection 
criteria.  Iterative  screening  of  a  wide  range  of  tasks  from  the  literature  on  cognitive 
and  psychomotor  performance  resulted  in  the  selection  of  nine  tasks  for  CTS  Version 
1.  These  tasks  are  listed  in  Table  1  according  to  their  hypothesized  relationship  to  the 
information  processing  divisions.  A  brief  description  of  each  task  follows. 

Empirical  evaluation  or  parametric  studies  were  performed  on  each  task  to  determine: 


Table  1.  CTS  Version  1.0  Tasks  Listed  by 
Information  Processing  System  Division. 


STAGE 

TASK 

CODE 

Input/Perceptual 

Probability  Monitoring 

PM 

Continuous  Recall 

CR 

Memory  Search 

MS 

Central  Processing 

Linguistic  Processing 
Mathematical  Processing 

LP 

MP 

Spatial  Processing 

SP 

Grammatical  Reasoning 

GR 

Output/Motor 

Unstable  Tracking 

Interval  Production 

UT 

IP 

(1)  ways  of  manipulating  task  difficulty  to  produce  three  distinct  loading  levels, 

(2)  appropriate  task  pacing  rates  to  keep  the  tasks  self-paced  but  within  certain  lim¬ 
its,  and 

(3)  adequate  training  times  for  stable  performance. 

Comparisons  performed  on  the  post-asymptotic  performance  indices  were  used  to 
select  three  loading  levels  for  each  of  the  individual  tasks  except  Interval  Production. 
These  levels  were  corroborated  by  subjective  ratings  of  task  difficulty  and  complexity. 

1.2  CTS  Task  Descriptions 

The  following  are  brief  descriptions  of  the  CTS  Version  1  tasks.  Detailed  descriptions 
and  initial  parametric  results  are  provided  by  Shingledecker  (1984). 

Visual  Probability  Monitoring  (PM).  The  subject  is  required  to  monitor  1,  3  or  4 
simulated  meters  and  determine  whether  a  bias  condition  is  present.  This  occurs  when 
a  pointer  stays  on  one  side  of  the  meter  center  line  a  higher  percentage  of  time  than  on 
the  other.  The  percentages  for  the  1-,  3-  and  4-dial  conditions  are  95%,  85%  and  75% 
respectively. 

Continuous  Recall  (CR).  The  subject  is  presented  with  pairs  of  1-,  2-  or  4-digit 
numbers,  one  below  the  other,  and  must  compare  the  top  number  with  a  previous 
display  as  well  as  memorize  the  bottom  number  for  later  comparison. 

Memory  Search  (MS).  An  initial  set  of  1,  4  or  6  letters  is  presented  to  the  subject 
for  memorization.  Following  this,  the  subject  must  identify  whether  a  randomly  gen¬ 
erated  letter  is  a  member  of  that  set. 

Linguistic  Processing  (LP).  At  the  low  level,  the  subject  decides  whether  presented 
pairs  of  letters  are  physically  identical.  For  the  medium  level,  the  subject  decides 
whether  both  letters  are  vowels  or  consonants.  At  the  high  level,  the  subject  is 
required  to  identify  antonyms. 

Mathematical  Processing  (MP).  The  subject  is  required  to  decide  whether  the  result 
of  a  mathematical  expression  involving  1,  2  or  3  operators  (+  or  -)  is  greater  than  or 
less  than  the  value  5. 

Spatial  Processing  (SP).  The  subject  compares  an  initial  histogram  of  2,  4  or  6  bars 
with  a  second  histogram  that  has  been  rotated  0,  90,  180  or  270  degrees. 


Grammatical  Reasoning  (GR).  Sentences  describing  the  positioning  of  symbols  are 
presented  with  the  symbols  below.  The  subject  must  determine  whether  the  sentences 
correctly  describe  the  positioning  of  the  symbols. 


Unstable  Tracking  (UT).  The  subject  attempts  to  maintain  the  position  of  an  object, 
representative  of  an  airplane,  in  the  middle  of  the  screen  using  a  rotating  control  knob. 
The  dynamics  of  the  task  magnify  the  control  error  to  prevent  stable  control  of  the 
object. 

Interval  Production  (IP).  The  subject  attempts  to  create  regular  timing  intervals 
using  a  tapping  paddle  at  a  rate  between  1  and  3  taps  per  second. 

Additional  members  of  the  CTS  are  under  development  to  provide  tasks  related  to 
planning  and  scheduling  activities  characterized  by  multiattribute  decision  require' 
ments.  These  activities  are  typical  in  complex  system  supervision  and  planning  tasks. 
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2.0  OBJECTIVES 


To  further  the  use  of  the  CTS  in  both  basic  and  applied  research  programs,  it  is  essen¬ 
tial  to  develop  a  comprehensive  performance  data  base  and  to  investigate  the  interrelat¬ 
edness  of  the  subtests,  i.e.,  to  determine  the  internal  structure  of  the  task  set  A  prel¬ 
iminary  requirement  for  the  development  of  this  comprehensive  data  base  is  to  estab¬ 
lish  a  task  administration  methodology  including  an  optimal  testing  protocol. 

The  development  of  an  optimal  training  protocol  is  even  more  crucial  in  light  of  the 
amount  of  time  required  to  administer  the  entire  battery.  A  single  subject  may  require 
up  to  two  hours  for  an  administration  involving  the  performance  of  each  task  once  at 
each  workload  level.  This  emphasizes  the  importance  of  optimally  allocating  a  limited 
amount  of  training  time  to  each  of  the  tasks  since  some  tasks  require  few  training  trials 
while  others  require  extensive  training  for  stabilized  performance. 

During  the  development  of  the  CTS,  human  subjects  were  trained  and  tested  on  each 
task  separately.  The  data  reflect  the  learning  characteristics  of  each  task  on  an  indivi¬ 
dual  task  basis  often  involving  subjects  with  prior  experience  on  the  same  or  related 
tasks.  Little  information  has  previously  been  available  on  the  crossover  learning  that 
may  exist  or  the  training  characteristics  for  the  three  final  workload  levels  of  each  task. 
Until  the  current  study,  no  comprehensive  administration  of  the  entire  test  battery  had 
been  made  to  a  group  of  naive  subjects. 

The  combined  replication  study  reported  here  was  performed  to  assess  the  reliability  of 
the  findings  obtained  in  the  individual  task  parametric  studies.  The  specific  objectives 
of  this  study  were  to: 

(1)  determine  the  required  number  of  sessions  to  achieve  asymptotic  performance 
on  each  task  when  naive  subjects  are  trained  on  all  tasks  or  some  subset  of 
tasks  concurrently, 

(2)  compare  the  performance  of  subjects  trained  on  all  nine  tasks  with  the  perfor¬ 
mance  of  subjects  trained  on  various  three-task  subsets, 

(3)  relate  task  performance  to  a  subjective  workload  assessment  measure,  and 

(4)  examine  the  inter-subject  variability  and  inter-task  performance  relationships. 
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3.0  EXPERIMENTAL  METHODOLOGY 
3.1  General  Approach 

Four  different  subject  groups  were  established  to  compare  the  performance  of  subjects 
trained  on  all  nine  tasks  vs.  individual  three-task  subsets.  In  assigning  tasks  to  groups, 
an  attempt  was  made  to  balance  the  category  of  information  processing,  type  of  visual 
stimuli,  task  difficulty  and  other  characteristics  (Table  2). 

Each  task  was  assigned  to  the  overall  set  and  one  subset.  A  comparison  of  learning 
patterns  would  determine  performance  differences  between  subjects  trained  on  a  large 
set  of  tasks  vs.  a  smaller  subset.  Due  to  training  time  limitations,  five  trials  of  each 


Table  2.  Basis  for  Task  Assignment. 


TYPE 

GROUP  TASK  CHARACTERISTICS  VISUAL  STIMULI 

I/P/O 


memory 


-all  nine  tasks- 


visual,  probability 
assessment 


graphic 


logic,  spatial,  grammar  symbol/alpha 


math,  logic 
visual/motor 

spatial,  visual  memory 
matching,  grammar 

timing,  motor 
memory,  spatial 


numeric 

graphic 

graphic 

alpha 


numenc 


workload  level  of  each  task  were  performed  for  Group  A  tasks  and  fifteen  trials  were 
performed  for  Group  B,  C  and  D  tasks. 

3.2  Subjects 

Twenty  male  subjects,  age  18  to  25  years,  were  recruited  from  the  Wright  State 
University  Campus.  All  subjects  were  enrolled  in  Air  Force  ROTC  and  were  naive 
with  respect  to  the  CTS  battery  and  other  research  efforts  at  AAMRL/HE.  The  sub¬ 
jects  attended  an  orientation  session  to  become  acquainted  with  the  CTS  and  the  goals 
of  the  study,  and  to  perform  a  "SWAT  sort"  related  to  the  subjective  workload  meas¬ 
ure.  The  voluntary  informed  consent  of  each  subject  was  obtained  at  this  time  in 
accordance  with  AFR  169-3. 

Subjects  were  randomly  assigned  to  Groups  A,  B,  C  and  D,  five  subjects  per  group. 
Each  subject  trained  on  the  appropriate  CTS  tasks  for  two  hours  per  day  on  five  con¬ 
secutive  days.  Groups  B  and  D  trained  during  the  first  week  of  data  collection. 
Groups  A  and  C  during  the  second  week. 

3  J  Equipment  and  Software 

The  CTS  is  implemented  on  a  Commodore  64  microcomputer  system.  Two  such  sys¬ 
tems  were  used,  each  consisting  of  the  following  units:  Commodore  64  microcom¬ 
puter,  Commodore  1541  disk  drive.  Commodore  1526  printer,  monochrome  Panasonic 
experimenter’s  monitor,  color  Commodore  1702  subject’s  monitor  and  three  subject 
response  devices. 

Modifications  were  made  to  the  CTS  software  to  provide  automatic  sequencing  through 
the  task  levels  and  automatic  filename  construction  for  data  storage.  A  coding  scheme 
was  devised  which  included  Group,  Subject,  Task,  Level  and  Trial  identifiers.  CTS 
tasks  and  data  were  all  stored  on  floppy  disk  with  separate  diskettes  for  each  task 
group  and  each  subject  On  the  average,  two  5-1/4"  data  diskettes  were  required  per 
subject  with  a  total  of  2500  trials  (data  files)  for  the  entire  study. 

3.4  Subjective  Workload  Assessment  Technique  (SWAT) 

To  relate  task  performance  to  a  subjective  workload  measure,  the  SWAT  Scale  was 
used.  The  SWAT  Scale  (Reid,  1982;  Reid,  Eggemeier,  and  Nygren,  1982)  is  a 
psychometric  instrument  subjectively  measuring  three  major  dimensions  of  workload: 
Time,  Effort,  and  Stress.  Given  the  demands  of  any  specified  workload  period,  sub- 


jects  rate  each  dimension  on  a  1  to  3  Likert-type  scale. 
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The  unique  aspect  of  this  scale  is  that  it  not  only  provides  a  means  for  obtaining  an 
individual  subject’s  workload  ratings,  but  also  a  method  for  establishing  across-subject 
comparability.  This  is  accomplished  by  having  each  subject  complete  a  SWAT  Sort, 
i.e.,  each  subject  sorts  a  card  deck  of  all  27  combinations  of  the  three  rating  levels  for 
all  three  workload  dimensions.  The  sorting  order  is  then  subjected  to  conjoint  scaling 
yielding  a  standardized  rating  metric  which  can  be  used  for  comparisons  across  sub¬ 
jects  (Nygren,  1982). 

Subjects  performed  the  initial  SWAT  card  sort  during  the  orientation  session.  Follow¬ 
ing  each  trial,  the  subject  provided  his  SWAT  ratings  on  a  data  collection  form  for 
later  incorporation  into  the  performance  data  base. 

3.5  Procedure 

Subjects  were  trained  on  their  assigned  tasks  during  the  same  two  hour  time  block  on 
live  consecutive  days.  Subjects  in  Group  A  sequenced  through  the  set  of  tasks  in  the 
following  order  MS,  PM,  GR,  MP,  UT,  SP,  LP,  IP,  CR.  All  tasks  have  three  levels 
except  IP,  thus  yielding  25  trials  per  subject  during  the  two-hour  period.  Within  each 
task,  subjects  sequenced  through  the  levels  from  low  to  high  in  order. 

All  other  subjects  performed  three  trials  at  each  level  of  each  task.  The  sequence  for 
Group  B  was  MS,  PM,  GR  with  a  total  of  27  trials  per  day.  Group  C  followed  the 
sequence  MP,  UT,  SP  with  27  trials  per  day  and  Group  D  followed  the  sequence  LP, 
IP,  CR  with  a  total  of  21  trials  due  to  the  single  level  of  the  IP  task.  One  trial  at  each 
level  of  each  task  was  completed  before  repeating  the  task  sequence.  As  in  Group  A, 
subjects  sequenced  through  the  levels  from  low  to  high  in  order. 

Two  subjects  from  different  groups  were  tested  simultaneously  by  the  experimenter, 
one  subject  on  each  Commodore  system.  All  data  was  stored  on  floppy  disk  for  later 
data  reduction  and  analysis. 


4.0  DATA  REDUCTION 


4.1  Description  of  the  Data  Base 

Each  trial  involved  the  presentation  of  20  to  200  individual  stimuli.  For  all  central 
processing  tasks,  response  time  and  accuracy  were  the  measures  recorded  for  each 
stimulus.  For  the  input/output  tasks,  alternative  measures  were  used. 

A  summary  of  the  performance  for  a  single  trial  was  obtained  using  the  CTS 
"STATISTICS"  software  option.  The  measures  provided  by  this  option  are  summar¬ 
ized  for  each  task  in  Table  3. 

In  addition  to  the  measures  provided  by  the  CTS  "STATISTICS"  option,  separate  ana¬ 
lyses  for  each  task  can  be  performed  using  the  individual  stimulus  data  saved  on  the 
disks.  Examples  include  the  relationship  of  performance  to  specific  characters 
presented  in  the  memory  search  tasks  or  to  the  ability  to  cancel  digits  in  the  mathemat¬ 
ical  processing  task.  However,  these  analyses  require  examination  of  the  raw  data 


Table  3.  Summary  Measures  for  Each  Task. 


TASK 

MEASURES 

CODE 

Mean  correct  response  time  (RT) 

MN 

Standard  deviation  of  RT 

SD 

All  Central 

Total  number  of  stimuli 

Processing 

Number  of  correct  responses 

Tasks 

Total  number  incorrect 

Total  number  of  errors 

Total  number  missed 

Number  of  correct  detections 

Probability 

Number  of  missed  biases 

Monitoring 

Number  of  false  responses 

FR 

Response  time 

RT 

Unstable 

Mean  absolute  error 

A E 

Tracking 

Total  edge  violations 

EV 

Number  of  intervals 

Interval 

Mean  interval  duration 

MN 

Production 

Standard  deviation  of  interval 

SD 

IPT  variability  score 

vs 
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fey 


through  additional  software  development  on  the  Commodore  64. 

In  order  to  meet  the  objectives  of  the  study,  a  SAS  (Statistical  Analysis  System)  data 
base  was  established  incorporating  the  performance  summary  measures  for  all  tasks 
and  trials.  Including  the  identification  variables  for  group,  subject,  task,  task  level  and 
trial  number,  the  data  base  contained  124  variables  and  750  observations. 

4.2  Data  Reduction  and  Transfer 

Additional  Commodore  software  was  developed  to  facilitate  the  data  reduction  and 
transfer.  As  an  intermediate  step,  programs  were  developed  to  automatically  sequence 
through  the  files  on  each  data  disk,  compute  the  summary  statistics  and  write  them  to  a 
disk  file  in  a  format  appropriate  for  SAS  input.  Transfer  of  this  information  from  the 
Commodore  disks  to  the  IBM  3081  was  achieved  through  the  use  of  a  VAX  11/780 
and  additional  transfer  software. 
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5.0  RESULTS 


The  results  from  the  study  are  summarized  in  Tables  4  through  12  which  present  the 
means  and  standard  deviations  of  selected  response  variables  across  subjects  in  Groups 
A,  B,  C  and  D.  Part  (a)  of  each  table  provides  summary  statistics  for  each  trial  for 
Group  A  subjects  while  Part  (b)  provides  statistics  for  subjects  in  the  corresponding 
task  subset  group.  Following  the  tables,  Figures  1  through  9  provide  a  graphical 
representation  of  the  learning  curves  and  the  differences  between  the  groups  for  the 
two  primary  dependent  variables  for  each  task. 

For  the  majority  of  tasks  and  levels,  a  traditional  learning  curve  effect  was  observed 
with  little  difference  in  the  shape  of  the  curves  for  Group  A  vs.  the  other  groups.  The 
required  number  of  trials  for  stable  performance  ranged  from  two  to  six  with  a  mode 
of  four.  Slight  improvements  were  observed  on  some  tasks  after  eight  to  ten  trials. 

With  one  exception,  there  were  no  statistically  significant  differences  between  the  per¬ 
formance  of  Group  A  and  the  performance  of  the  other  groups.  Only  at  the  low  level 
of  Continuous  Recall  was  a  difference  detected  with  Group  A  performing  significantly 
worse  than  Group  D  Similar  differences,  although  not  statistically  significant,  were 
observed  at  the  other  levels  of  CR.  These  differences  may  have  been  due  to  individual 
subject  or  strategy  differences  between  the  groups,  or  to  fatigue  since  Continuous 
Recall  was  the  last  task  in  the  sequence  for  Group  A. 

A  discussion  of  the  results  for  each  task  along  with  the  results  of  several  analyses  of 
variance  comparing  groups,  workload  levels  and  trials  is  presented  following  the 
figures. 
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Table  4a. 


GROUP 


MEMORY  SEARCH  TASK 
WORKLOAD  LEVEL  -  LC 


TRIAL 

MEAN 

(*) 

(msec) 

1 

646 

(125) 

2 

568 

(80) 

3 

536 

(95) 

4 

512 

(81) 

5 

501 

(69) 

-  GROUP 

-  A 

TRIAL 

MEAN 

<*> 

(msec) 

1 

752 

(108) 

2 

750 

(151) 

3 

697 

(168) 

4 

670 

(132) 

5 

657 

(120) 

"  A 

TRIAL 

MEAN 

<*) 

(msec) 

1 

907 

(99) 

2 

758 

(144) 

3 

769 

(191) 

4 

760 

(163) 

5 

742 

(144) 

STD_DEV 

(msec) 

385 

151 

170 

160 

176 


<*> 


(309) 

(65) 

(91) 

(60) 

(59) 


WORKLOAD  LEVEL  -  I 
STD_DEV  (») 


(msec) 

278 

345 

255 

318 

273 


(96) 

(154) 

(153) 

(166) 

(120) 


WORKLOAD  LEVEL  -  HIGH 


STD_DEV 

(msec) 

564 

398 

380 

396 

391 


<*> 


(251) 

(191) 
(208) 

(192) 
(144) 


W - 

PCT 

<*) 

COR 

<%) 

98 . 8 

(1.1) 

99.3 

(0.6) 

98.2 

(1.3) 

97.6 

(1  .  9) 

97.2 

(3.4) 

JM - 

PCT 

(*) 

CCR 

<%) 

98.7 

(1.2) 

98.0 

(2.0) 

97.4 

(2.8) 

96.8 

(2.0) 

96.0 

l _ - _ _ 

(2.8) 

PCT 

(*) 

COR 

<%! 

84.5 

(3.9) 

88 . 3 

(5.3) 

86.6 

(2.9) 

86.8 

(3.9) 

83.4 

(5.0) 

-  STANDARD  DEVIATION  FOR  PRECEEDING  VARIABLE 
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Table  4b.  MEMORY  SEARCH  TASK 


-  GROUP 

-  B 

WORKLOAD 

LEVEL  - 

LOW - 

TRIAL 

MEAN 

<*) 

STD  DEV 

<*) 

PCT 

<‘> 

COR 

(msec) 

(msec) 

(%) 

1 

€30 

(148) 

141 

(67) 

98.6 

(2.0) 

2 

558 

(77) 

155 

(66) 

98.3 

(2.0) 

3 

542 

(79) 

147 

(93) 

99 . 4 

(0 . 6) 

4 

533 

(38) 

126 

(36) 

98  .  7 

(1.2) 

5 

518 

(73) 

168 

(83) 

98 . 6 

(0 . 6) 

6 

495 

(56) 

146 

(67) 

98.0 

(1.5) 

7 

520 

(86! 

164 

(36) 

98.0 

(1.3) 

8 

517 

(98) 

179 

(115) 

97 . 8 

(1.3) 

9 

475 

(32) 

121 

(44) 

98.1 

(2.2) 

10 

488 

(54) 

158 

(50) 

97 . 6 

(1.1) 

11 

478 

(43) 

117 

(48) 

98.2 

(2.1) 

12 

462 

(59) 

142 

(29) 

97.4 

(1.8) 

13 

496 

(104) 

159 

(73) 

97.0 

(1.7) 

14 

498 

(113) 

198 

(162) 

97.0 

(1.2) 

15 

454 

(70) 

100 

(44) 

98.2 

(1.5) 

1 

752 

(144) 

260 

(102) 

98 . 4 

(1.5) 

2 

764 

(61) 

296 

(149) 

97.0 

(1.7) 

3 

737 

(93) 

290 

(87) 

98.0 

-2.7) 

4 

654 

(76) 

211 

(59) 

97.4 

(1.3) 

5 

665 

(105) 

227 

(114) 

98 . 1 

(1.9) 

6 

667 

(45) 

254 

(89) 

96.1 

(2.4) 

7 

631 

(32) 

201 

(114) 

97.4 

(1.9) 

8 

652 

(99) 

312 

(201) 

94.9 

(2.7) 

9 

613 

(89) 

236 

(151) 

92.9 

(1.3) 

10 

598 

(61) 

198 

(89) 

96.1 

(3.0) 

11 

592 

(26) 

178 

(37) 

95.9 

(2.9) 

12 

597 

(41) 

232 

(43) 

96.8 

(1.4) 

13 

555 

(61) 

163 

(69) 

96.4 

(2.2) 

14 

620 

(136) 

253 

(159) 

96.1 

(2.4) 

15 

576 

(46) 

163 

(46) 

95.6 

(1.9) 

W \j  r\J\  <u 

1 

1050 

(225) 

556 

(179) 

85.7 

(7.1) 

2 

956 

(157) 

494 

(215) 

84.1 

(5.0) 

3 

891 

(135) 

534 

(252) 

87.3 

(5.4) 

4 

819 

(139) 

369 

(115) 

85.7 

(8.4) 

5 

758 

(73) 

367 

(209) 

89.3 

(3.6) 

6 

749 

(57) 

351 

(128) 

79.9 

(7.9) 

7 

755 

(46) 

474 

(147) 

84  .  6 

(5.2) 

8 

840 

(167) 

629 

(451) 

81  .  6 

(4.1) 

9 

782 

(151) 

540 

(406) 

86.1 

(5.3) 

10 

735 

(84) 

433 

(167) 

79.5 

(8.0) 

11 

670 

(82) 

289 

(103) 

84.7 

(6.1) 

12 

779 

(175) 

436 

(298) 

84.4 

(5.4) 

13 

648 

(78) 

315 

(146) 

86 . 4 

(1.2) 

14 

740 

(110) 

447 

(218) 

77.5 

(3.3) 

15 

678 

(61) 

304 

(114) 

83.1 

(4.2) 

STANDARD  DEVIATION  FOR  PRECEEDING  VARIABLE 
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Table  5a.  PROBABILITY  MONITORING  TASK 


GROUP  -  A  WORKLOAD  LEVEL  -  LOW 


TRIAL 

# 

COR 

(*) 

FALSE 

<*) 

MISSED 

<*> 

RESP  TIME 

(*) 

RESP 

BIAS 

(sec) 

X 

3.0 

(0.0) 

2.4 

(3.5) 

0.0 

(0.0) 

8  .  1 

(3.4) 

-i 

3.0 

(0.0) 

0.6 

(1.3) 

0.0 

(0.0) 

9.7 

(4.2) 

3 

3.0 

(0.0) 

0.8 

(1.3) 

0.0 

(0.0) 

9.7 

(7  .4) 

4 

3.0 

(0.0) 

0 . 4 

(0.5) 

0.0 

(0.0) 

11.0 

(6.3) 

5 

3.0 

(0.0) 

0.6 

(0.5) 

0.0 

(0.0) 

10  .  8 

(5.0) 

TRIAL 

» 

COR 

(*) 

FALSE 

<*) 

MISSED 

(*) 

RESP  TIME 

(*) 

RES? 

BIAS 

(sec) 

1 

2.2 

(0.8) 

2.2 

(1.6) 

0.8 

(0.8! 

18.7 

(8.1) 

2 

2.0 

(1.0 

0  .  6 

(0.8) 

0 . 4 

(0.8) 

21 . 6 

(6.9) 

3 

1.8 

(1.3) 

0.0 

(0.0) 

1.4 

(0.5) 

18.5 

(9.8) 

4 

2 . 8 

(0.4) 

0.2 

(0.4) 

0.2 

(0.4) 

17.3 

(5.4) 

5 

1  .  8 

(0.8) 

0.6 

(0.8) 

1.0 

(1.4) 

16.8 

(6.0) 

TRIAL 

# 

COR 

(*) 

FALSE 

<*> 

MISSED 

(*) 

RESP  TIME 

<*) 

RESP 

BIAS 

(sec) 

1.6 

(1.1) 

3.0 

(1.8) 

1.0 

(1.0) 

16.4 

(10.0) 

2 

1.2 

(1 .  C) 

3.2 

(1.9) 

1.2 

(1.0) 

22.0 

(7.1) 

3 

1 . 4 

(0.8) 

1.2 

(0.8) 

1.0 

(0.7) 

16.3 

(8.1) 

4 

1  .  4 

(0.5) 

2.0 

(1.2) 

1.2 

(0.8) 

9.4 

(6.9) 

5 

1 . 4 

(0.8) 

1.6 

(0.5) 

1.6 

(1.1) 

19.3 

(10.8) 

-  STANDARD  DEVIATION  FOR  PRECEEDING  VARIABLE 
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Table  5b.  PROBABILITY  MONITORING  TASK 


TRIAL 

♦  COR 

1 

3.0 

2 

3.0 

3 

3.0 

4 

3.0 

5 

2.8 

6 

3.0 

7 

3.0 

8 

3.0 

9 

3.0 

10 

3.0 

11 

3.0 

12 

3.0 

13 

3.0 

14 

3.0 

15 

3.0 

1 

2.6 

2 

2.2 

3 

1.8 

4 

2.2 

5 

2.4 

6 

2.0 

7 

2.4 

8 

2.2 

9 

2.2 

10 

1.6 

11 

1.4 

12 

2.0 

13 

1.6 

14 

2 . 4 

15 

2.3 

1 

1.0 

2 

0.8 

3 

0.8 

4 

0.8 

5 

1.2 

6 

1.0 

7 

1.0 

8 

1 . 6 

9 

1.2 

10 

0.6 

11 

1.4 

12 

1.2 

13 

1.8 

14 

1.0 

15 

0.8 

GROUP  -  B  WORKLOAD  LEVEL  -  LOW 


1.2 

(1.7) 

0.0 

(0.0) 

9.7 

(2.0) 

0.0 

(0.0) 

0.0 

(0.0) 

11 . 6 

(6.9) 

0.2 

(0.4) 

0.0 

(0.0) 

12.0 

(5.6) 

0.5 

(1.0) 

0.0 

(0.0) 

11 . 1 

(3.6) 

0.2 

(0.4) 

0 . 0 

(0.0) 

11.5 

(5.8) 

0.0 

(0.0) 

0.0 

(0.0) 

11.1 

(6.0) 

0.4 

(0.5) 

0.0 

(0.0) 

10.8 

(5.8) 

0.0 

(0.0) 

0.0 

(0.0) 

10.4 

(3.9) 

0.6 

(0.5) 

0.0 

(0.0) 

10.1 

(5.7) 

0.2 

(0.4) 

0.0 

(0.0) 

10 . 9 

(4.8) 

0.2 

(0.4) 

0.0 

(0.0) 

10.3 

(3.7) 

0.2 

(0.4) 

0.0 

(0.0) 

11.6 

(4.5) 

0.2 

(0.4) 

0.0 

(0.0) 

10.6 

(3.9) 

0.0 

(0.0) 

0.0 

(0.0) 

8.6 

(2.4) 

0.4 

(0.8) 

0.0 

(0.0) 

10.8 

(2.4) 

B 

WORKLOAD 

LEVEL  -  MEDIUM 

0.8 

(0.4) 

0.4 

(0.5) 

14.1 

(1.7) 

0.6 

(0.8) 

0.8 

(0.8) 

22.5 

(5.6) 

1.0 

(1.0) 

1.0 

(1.0) 

20.4 

(4.5) 

0.4 

(0.8) 

0.6 

(0.5) 

17.3 

(3.8) 

0.2 

(0.4) 

0.2 

(0.4) 

14.5 

(9.2) 

0.4 

(0.5) 

0.8 

(0.8) 

16.6 

(6.7) 

0.4 

(0.8) 

0.6 

(0.5) 

15.7 

(6.8) 

0.8 

(0.8) 

0.6 

(0.5) 

19.8 

(4.7) 

0.4 

(0.5) 

0.6 

(0.5) 

20.0 

(5.4) 

0.8 

(0.8) 

1.0 

(1.0) 

21.6 

(9.2) 

0.6 

(0.8) 

1.4 

(0.5) 

17.3 

(7.3) 

0.6 

(0.8) 

0.4 

(0.5) 

26.6 

(7.0) 

0.6 

(0.5) 

1.0 

(0.7) 

21.5 

(5.0) 

0.2 

(0.4) 

0.4 

(0.5) 

25.7 

(5.2) 

0.0 

(0.0) 

0.8 

(0.9) 

21.1 

(5.4) 

'  B 

WORKLOAD  LEVEL  -  HIGH  - 

— 

1.0 

(1.7) 

2.0 

(1.0) 

23.9 

(6.8) 

1.4 

(1.6) 

1 .  4 

(1.5) 

22.4 

2.0 

(1.5) 

1.6 

(0.5) 

23.1 

(4.3) 

2.0 

(1.8) 

1.6 

(0.5) 

17.0 

(9.1) 

1.2 

(0.8) 

1  .  4 

(0.5) 

15.6 

(0.1) 

1.4 

(1.1) 

1.4 

(0.8) 

21.9 

(5.3) 

0.6 

(0.8) 

1.8 

(0.4) 

22.6 

(4.1) 

0.2 

(0.4) 

1.0 

(0.7) 

27.1 

(6.2) 

1 . 4 

(1.1) 

1 . 4 

(0.5) 

23.4 

(10.5) 

1.4 

(1.1) 

1.8 

(1.0) 

18  .  4 

(1.8) 

0.6 

(0.5) 

o ;  a 

(0.8) 

26.9 

(8.6) 

0 . 4 

(0.5) 

0.8 

(0.4) 

29.0 

(2.8) 

0.8 

(1.3) 

1.0 

(0.7) 

22.7 

(5.1) 

0.8 

(0.8) 

1.2 

(0.8) 

13.1 

0.8 

(0.4) 

1.6 

(0.5) 

16.2 

(2.8) 

-  STANDARD  DEVIATION  FOR  PRECEEDING  VARIABLE 
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Table  6a.  GRAMMATICAL  REASONING  TASK 


•f, 


GROUP 


WORKLOAD  LEVEL 


SOW 


TRIAL 

MEAN 

(*) 

STD  DEV 

(*) 

PCT 

(*) 

CCR 

(msec) 

(msec ) 

<%) 

1 

4453 

( 1Q7  5 1 

2310 

(790) 

84.5 

(8.4) 

2 

4065 

(1358) 

1470 

(390) 

83  .  0 

(20.0 

3 

3381 

(1036) 

1216 

(373) 

85.4 

(15.9) 

4 

33S6 

(1310 

1227 

(419) 

88 . 3 

(10 . 6) 

5 

3561 

(1642) 

1294 

(317) 

90 . 9 

(9.5) 

TRIAL 

MEAN 

(*) 

STD  DEV 

(*> 

PCT 

(*) 

COR 

(msec) 

(msec) 

(%) 

■? 

7528 

(776) 

1997 

(750) 

84.5 

(9.9) 

2 

6599 

(1575) 

1590 

(256) 

93.7 

(7.8) 

3 

5797 

(1421) 

1419 

(521! 

87.7 

(11.4) 

4 

5548 

(1193) 

1439 

(378) 

90.5 

(8.8) 

5 

5662 

(410) 

1881 

(825) 

86.2 

(16. C) 

TRIAL 

MEAN 

(*) 

STD  DEV 

(♦) 

PCT 

(*) 

COR 

(msec) 

(msec) 

<%) 

1 

9562 

(1108) 

2070 

(444) 

71.0 

(18.3) 

O 

4. 

9111 

(1529) 

1726 

(235) 

68  .  9 

(7.2) 

3 

8291 

(1731) 

2019 

(564) 

76.5 

(14.7) 

4 

7810 

(1472) 

1637 

(187) 

79.3 

(22.7) 

5 

7849 

(1605) 

2093 

(553) 

82.2 

(19.2) 
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THE  UNIVERSITY  OF  OKLAHOMA 
CTS  1984  SCHLEGEL  SUMMER  STUDY 


Table  6b.  GRAMMATICAL  REASONING  TASK 


GROUP  -  B  WORKLOAD  LEVEL  -  LOW 


TRIAL 

MEAN 

<*) 

STD  DEV 

(*) 

PCT 

(*> 

COR 

(msec) 

(msec ) 

<%) 

1 

3848 

(547) 

1390 

(368) 

95.0 

(7.4) 

2 

3833 

(327) 

1552 

(135) 

96.1 

(2.2) 

3 

3663 

(63-1) 

1473 

(617) 

96.3 

(2.0) 

4 

3036 

(249) 

1070 

(262) 

96.3 

(1.1) 

5 

3136 

(292) 

1192 

(268) 

98.0 

(1.4) 

6 

3132 

(250) 

1209 

(313) 

93.7 

(3.5) 

7 

3072 

(390) 

1311 

(583) 

96.7 

(2.1) 

8 

3183 

(324) 

1300 

(293) 

95.9 

(2.9) 

9 

3145 

(252) 

1574 

(480) 

94.1 

(4.1) 

10 

2511 

(192) 

964 

(295) 

99.3 

(0.8) 

11 

2570 

(136) 

1058 

(225) 

95.1 

(4.4) 

12 

2640 

(206) 

973 

(319) 

97.1 

(2.9) 

13 

2481 

(396) 

948 

(334) 

96.7 

(2.2) 

14 

2771 

(620) 

1256 

(512) 

96.1 

(2.0) 

15 

2627 

(300) 

1173 

(561) 

94.7 

(5.8) 

V*  Xj  w  AU 

iL  V  Lli  ®  111 

1 

7095 

(1098) 

1689 

(360) 

90.4 

(10.7) 

2 

6467 

(618) 

1496 

(245) 

95.6 

(2.8) 

3 

6485 

(1482) 

1698 

(347) 

90.2 

(10.5) 

4 

5482 

(508) 

1296 

(326) 

95.5 

(1.7) 

5 

6054 

(741) 

1529 

(393) 

96.2 

(8.2) 

6 

5702 

(811) 

1498 

(38  2) 

96.3 

(3.6) 

7 

5548 

(525) 

1386 

(355) 

93.0 

(8.4) 

8 

5814 

(714) 

1629 

(497) 

96.0 

(4.1) 

9 

5796 

(971) 

1654 

(589) 

97.4 

(4.0) 

10 

5224 

(786) 

1576 

(623) 

94 . 1 

(6.9) 

11 

5391 

(497) 

1694 

(299) 

93.5 

(9.4) 

12 

5076 

(599) 

1562 

(633) 

96.3 

(2.6) 

13 

5013 

(763) 

1604 

(346) 

97.0 

(3.8) 

14 

5378 

(1170) 

1628 

(687) 

95.1 

(6.3) 

15 

4900 

(561) 

1493 

(509) 

98.8 

(1.5) 

1 

8867 

(1596) 

1902 

(588) 

69.3 

(18.5) 

2 

8371 

(1253) 

1943 

(346) 

80.4 

(10.1) 

3 

8108 

(1849) 

1764 

(550) 

81 . 9 

(18.4) 

4 

7687 

(1449) 

1787 

(754) 

87.6 

(11.6) 

5 

7718 

(1238) 

2008 

(529) 

88.7 

(10.5) 

6 

8185 

(1246) 

2013 

(682) 

84.1 

(14.5) 

7 

7718 

(1452) 

1754 

(384) 

88  .  6 

(15.7) 

8 

7826 

(1200) 

2228 

(435) 

88.2 

(14.3) 

9 

8014 

(1355) 

1979 

(316) 

94.9 

(6.8) 

10 

6485 

(906) 

1555 

(837) 

90 . 9 

(12.8) 

1  1 

X  X 

7154 

(1641) 

1769 

(363) 

94  .  1 

(6.8) 

12 

68  93 

(1320) 

1881 

(485) 

84.1 

(22.9) 

13 

6912 

(1704) 

1959 

(625) 

91.5 

(10.0) 

14 

7352 

(2488) 

1872 

(841) 

90.4 

(14.5) 

15 

6959 

(1569) 

1803 

(370) 

92.9 

(12.1) 

*  -  STANDARD  DEVIATION  FOR  PRECEEDING  VARIABLE 
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THE  UNIVERSITY  OF  OKLAHOMA 
CTS  1984  SCHLEGEL  SUMMER  STUDY 


Table  7a.  MATHEMATICAL  PROCESSING  TASK 


GROUP  -  A  WORKLOAD  LEVEL  -  LOW 


TRIAL 

MEAN 

(*) 

STD  DEV 

(») 

PCT 

(*) 

COR 

(msec) 

(msec) 

(%) 

1 

757 

(141) 

445 

(124) 

97.3 

(2.0) 

2 

630 

(143) 

498 

(589) 

97.3 

(3.4) 

3 

548 

(116) 

217 

(93) 

98.6 

(1.9) 

4 

534 

(152) 

240 

(118) 

96.6 

(3.5) 

S 

531 

(129) 

238 

(110) 

98.4 

(2.1) 

TRIAL 

MEAN 

(*) 

STD  DEV 

(*) 

PCT 

(*> 

COR 

(msec) 

(msec ) 

<%> 

1 

1817 

(254) 

756 

(198) 

95.9 

(1.9) 

2 

1783 

(435) 

930 

(436) 

95.6 

(6.0) 

3 

1511 

(256) 

723 

(301) 

94.5 

(5.2.) 

4 

1435 

(212) 

646 

(203) 

94.7 

(7.7) 

5 

1480 

(303) 

854 

(307) 

95.6 

(5.6) 

TRIAL 

MEAN 

<*) 

STD  DEV 

(*) 

PCT 

(*) 

COR 

(msec) 

(msec) 

(%) 

1 

3C11 

(724) 

1143 

(423) 

93.8 

(7.3) 

2 

26'5 

(602) 

1224 

(524) 

91.0 

(10.6) 

3 

27  18 

(589) 

1192 

(476) 

90.5 

(14.5) 

4 

2467 

(748) 

1076 

(343) 

87.5 

(18.6) 

5 

2455 

(763) 

1055 

(392) 

88.8 

(17.4) 
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THE  UNIVERSITY  OF  OKLAHOMA 
CTS  1984  SCHLEGEL  SUMMER  STUDY 

Table  7b.  MATHEMATICAL  PROCESSING  TASK 


-  GROUP 

-  C 

WORKLOAD 

LEVEL  - 

LOW - 

TRIAL 

MEAN 

<*) 

STD  DEV 

(*) 

PCT 

(*) 

COR 

(msec) 

(msec ) 

<%) 

1 

832 

(239) 

697 

(640) 

99.0 

(2.1) 

2 

£84 

(130) 

332 

(153) 

98.0 

(1.5) 

3 

573 

(131) 

244 

(79) 

98  .  6 

(1.3) 

4 

499 

(104) 

210 

(81) 

98  .  4 

(1.6) 

5 

474 

(94) 

164 

(54) 

98 . 4 

(1.4) 

6 

473 

(134) 

171 

(60) 

98 . 9 

(1.1) 

7 

500 

(136) 

203 

(86) 

97.8 

(1.9) 

8 

688 

(534) 

263 

(243) 

99.2 

(0.7) 

9 

527 

(121) 

222 

(93) 

98.3 

(1.1) 

10 

434 

(82) 

181 

(57) 

98.1 

(1.9) 

11 

469 

(184) 

224 

(108) 

98.7 

(1.7) 

12 

456 

(104) 

181 

(38) 

97.6 

(1.6) 

13 

406 

(67) 

175 

(99) 

98.1 

(1.4) 

14 

454 

(90) 

207 

(73) 

98 . 1 

(1.7) 

15 

401 

(82) 

162 

(45) 

97.2 

(4.3) 

1 

2078 

(813) 

784 

(284) 

96.6 

(3.2) 

2 

1628 

(438) 

595 

(230) 

98.7 

(1.1) 

3 

1802 

(436) 

795 

(446) 

98.5 

(1.3) 

4 

1483 

(294) 

533 

(142) 

99.5 

(0.9) 

5 

1441 

(245) 

516 

(110) 

98-7 

(1.1) 

6 

1542 

(320) 

696 

(277) 

99.1 

(1.1) 

7 

1420 

(217) 

601 

(201) 

98.7 

(1.8) 

8 

1224 

(554) 

518 

(275) 

98.9 

(1.6) 

9 

1436 

(265) 

625 

(181) 

98.3 

(1.7) 

10 

1288 

(345) 

539 

(213) 

97.2 

(2.3) 

11 

1288 

(307) 

556 

(189) 

98 . 3 

(1.7) 

12 

1358 

(234) 

607 

(133) 

99.2 

(1.0) 

13 

1093 

(203) 

407 

(107) 

98.1 

(2.3) 

14 

1262 

(265) 

537 

(149) 

97.7 

(2.4) 

15 

1268 

(258) 

619 

(205) 

98 . 0 

(1.4) 

ini  LUni/ 

1 

3174  ( 

1171) 

1016 

(558) 

98 . 6 

(1.8) 

2 

2977 

(744) 

1338 

(736) 

97 . 4 

(4.3) 

3 

2778 

(862) 

991 

(396) 

98.2 

(1.6) 

4 

2457 

(463) 

902 

(272) 

97.9 

(2.0) 

5 

2388 

(627) 

832 

(432) 

100.0 

(0.0) 

6 

2458 

(333) 

1086 

(565) 

99.4 

(1.2) 

7 

2190 

(427) 

875 

(371) 

97.8 

(2.3) 

8 

2156 

(392) 

827 

(226) 

99.4 

(1.1) 

9 

2394 

(507) 

956 

(303) 

98  .  4 

(1.4) 

10 

2149 

(510) 

873 

(284) 

98 . 9 

(1.4) 

11 

2171 

(432) 

827 

(264) 

96.3 

(3.5) 

12 

2183 

(536) 

859 

(367) 

97.9 

(2.0) 

13 

2085 

(599) 

836 

(396) 

98 . 9 

(1.3) 

14 

1976 

(445) 

732 

(107) 

99.5 

(0.9) 

15 

2106 

(437) 

822 

(207) 

97.5 

(1.7) 
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Table 

8a . 

UNSTABLE 

TRACKING 

TASK 

-  GROUP 

-  A 

WORKLOAD  LEVEL  - 

'  LOW  — 

TRIAL 

MEAN 

(*> 

MEAN 

<*) 

ABS 

EDGE 

ERROR 

VIOL 

1 

9 

(4) 

3 

(5) 

2 

9 

<4) 

2 

(3) 

3 

8 

(2) 

0 

4 

9 

(3) 

3 

(4) 

5 

9 

(3) 

1 

(2) 

-  GROUP 

-  A 

WORKLOAD 

LEVEL  -  MEDIUM  - 

TRIAL 

MEAN 

<*) 

MEAN 

(*) 

ABS 

EDGE 

ERROR 

VIOL 

1 

40 

(1) 

243 

(66) 

2 

37 

(2) 

158 

(53) 

3 

36 

(4) 

130 

(69) 

4 

34 

(4) 

115 

(59) 

5 

35 

(3) 

112 

(65) 

-  group 

-  A 

WORKLOAD 

i  LEVEL  - 

HIGH  — 

TRIAL 

MEAN 

(*) 

MEAN 

(*) 

ABS 

EDGE 

ERROR 

VIOL 

1 

37 

( 2 ) 

406 

(70) 

2 

38 

(3! 

386 

(102) 

3 

38 

(3! 

383 

(85) 

4 

36 

(5) 

358 

(77) 

5 

37 

(4) 

373 

(63) 

STANDARD  DEVIATION  FOR  PRECEEDING  VARIABLE 
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Table  8b.  UNSTABLE  TRACKING  TASK 


-  GROUP 


WORKLOAD  LEVEL  -  LOW 


TRIAL 


MEAN 

(*) 

MEAN 

(*) 

ABS 

EDGE 

ERROR 

VIOL 

12 

(8) 

13 

(15) 

6 

(3) 

1 

(2) 

6 

(3) 

1 

(1) 

5 

(2) 

0 

6 

(3) 

0 

5 

(2) 

0 

7 

(2) 

0 

6 

(3) 

0 

8 

(2) 

0 

7 

(2) 

0 

7 

(2) 

0 

9 

(2  > 

1 

6 

(2) 

0 

9 

(3) 

0 

9 

<5) 

1 

(1) 

-  C 

WORKLOAD 

LEVEL  - 

MEDIUM  -■ 

37 

(5) 

222 

(106) 

31 

(11) 

117 

(83) 

29 

(11) 

97 

(76) 

29 

(9) 

86 

(81) 

28 

(10) 

61 

(65) 

29 

(7) 

64 

(63) 

31 

(3) 

74 

(48) 

31 

(3) 

75 

(57) 

30 

(5) 

65 

(46) 

33 

(4) 

90 

(58) 

32 

(3) 

73 

(65) 

32 

(3) 

82 

(68) 

29 

(8) 

67 

(73) 

32 

(6) 

74 

(62) 

30 

(2) 

62 

(32) 

1  -  C 

WORKLOAD 

LEVEL  -  HIGH  -- 

38 

(3) 

400 

(91) 

35 

(3) 

320 

(61) 

35 

(2) 

321 

(73) 

36 

(2) 

339 

(70) 

37 

(2) 

373 

(107) 

38 

(4) 

429 

(244) 

38 

356 

(56) 

36 

(2) 

337 

(51) 

35 

(3) 

321 

(65) 

38 

(1) 

370 

(46) 

36 

332 

(35) 

36 

(2) 

350 

(42) 

38 

(1) 

369 

(83) 

37 

(2) 

335 

(42) 

36 

(2) 

354 

(74) 
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THE  UNIVERSITY  OF  OKLAHOMA 
CTS  1984  SCHLEGEL  SUMMER  STUDY 


Table  9a.  SPATIAL  PROCESSING  TASK 


V 

V 
>.■ 
s' 

I 


-  GROUP 

-  A 

WORKLOAD 

LEVEL  - 

LOW - 

TRIAL 

MEAN 

(*) 

STD  DEV 

<*) 

POT 

(*) 

COR 

(msec) 

(msec) 

(%) 

1 

1061 

(330  ) 

432 

(192) 

95.8 

(3.0) 

2 

932 

(293) 

379 

(160) 

93.7 

(5.7) 

3 

862 

(198) 

355 

(156) 

96.5 

(5.9) 

4 

770 

(287) 

343 

(232) 

94.4 

(6.6) 

5 

803 

(158) 

361 

(162) 

93 . 4 

(6.3) 

TRIAL 

MEAN 

(*) 

STD  DEV 

(*) 

PCT 

(*) 

COR 

(msec) 

(msec) 

(%) 

; 

1600 

(486) 

795 

(480) 

91.2 

(2.8) 

n 

c. 

1503 

(437) 

509 

(202) 

93.3 

(9.3) 

3 

1372 

(421) 

469 

(181) 

93.0 

(6.5) 

4 

1368 

(412) 

596 

(106) 

92 . 9 

(11.6) 

5 

1242 

(371) 

431 

(76) 

87 . 0 

(15.4) 

WORKLOAD 

LEVEL  - 

TRIAL 

MEAN 

<  *) 

STD  DEV 

(*) 

PCT 

(*) 

COR 

(msec) 

(msec) 

(%) 

1 

1815 

(395) 

645 

(207) 

88.5 

(13.8) 

2 

1566 

(226) 

616 

(85) 

91.3 

(10.2) 

3 

1651 

(  458) 

730 

(245) 

90.0 

(14.7) 

4 

1648 

(269) 

778 

(117) 

89.7 

(13.2) 

5 

1682 

(  648) 

677 

(271) 

84 . 8 

(19.1) 

r-y* 


Ifw 
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THE  UNIVERSITY  OF  OKLAHOMA 
CTS  1984  SCHLEGEL  SUMMER  STUDY 


Table  10a.  LINGUISTIC  PROCESSING  TASK 


GROUP  -  A  WORKLOAD  LEVEL  -  LOW 


TRIAL 

MEAN 

(*) 

STD  DEV 

(*) 

PCT 

(*> 

COR 

(msec) 

(msec) 

<%) 

1 

680 

(103) 

285 

(144) 

98.2 

(1.2) 

2 

611 

(102) 

255 

(171) 

97 . 8 

(2.0) 

3 

611 

(115) 

204 

(96) 

98.7 

(1.5) 

4 

547 

(79) 

199 

(94) 

94  .  4 

(5.7) 

5 

545 

(78) 

163 

(76) 

96.5 

(1.7) 

UASTA*AJ  L  ii-*. 

TRIAL 

MEAN 

<*> 

STD  DEV 

(*) 

PCT 

(*) 

COR  ■ 

(msec) 

(msec) 

(%) 

1439 

(393) 

895 

(577) 

95.6 

(3.7) 

2 

1170 

(406) 

634 

(403) 

95.9 

(3.6) 

3 

1035 

(318) 

496 

(298) 

96.0 

(4.1) 

4 

895 

(227) 

356 

(157) 

94 . 4 

(5.1) 

5 

885 

(273) 

399 

(264) 

94.3 

(5.7) 

n'JrJvLUAU 

TRIAL 

MEAN 

<») 

STD  DEV 

(*> 

PCT 

(*) 

CCR 

(msec ) 

(msec) 

(%) 

1 

X 

2398 

(810) 

1036 

(269) 

86.7 

(4.4) 

-> 

«. 

1923 

(695) 

762 

(332) 

89.3 

(5.3) 

3 

1929 

(539) 

931 

(555) 

89.1 

(4.4) 

4 

1620 

(290 

691 

(260) 

87.4 

(3.8) 

5 

1608 

(347) 

692 

(358) 

84.3 

(6.7) 

* 

-  STANDARD 

DEVI 

AT ION  FOR  PRECEEDING 

VARIABLE 
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THE  UNIVERSITY  OF  OKLAHOMA 
CTS  1984  SCHLEGEL  SUMMER  STUDY 


Table  10b.  LINGUISTIC  PROCESSING  TASK 


-  GROUP 

-  D 

WORKLOAD 

LEVEL  -  1 

LOW - 

TRIAL 

MEAN 

(*) 

STD  DEV 

<*) 

PCT 

COR 

(msec) 

(msec ) 

(%) 

1 

675 

(155) 

171 

(57) 

97.6 

2 

650 

(140) 

181 

(61) 

98.1 

3 

580 

(83) 

157 

(71) 

98.2 

4 

539 

(72) 

119 

(46) 

97.6 

5 

543 

(77) 

123 

(68) 

96.7 

6 

531 

(48) 

129 

(55) 

96.8 

7 

525 

(54) 

158 

(97) 

95.5 

8 

521 

(37) 

136 

(61) 

97.3 

9 

532 

(35) 

124 

(53) 

99.3 

10 

507 

(34) 

132 

(55) 

97.6 

11 

530 

(43) 

119 

(53) 

98.2 

12 

539 

(49) 

124 

(59) 

97.9 

13 

499 

(38) 

96 

(38) 

97.9 

14 

507 

(53) 

121 

(61) 

96.2 

15 

504 

(51) 

118 

(46) 

96.8 

-  GROUP 

-  D 

WORKLOAD  LEVEL  -  MEDIUM  - 

1 

1170 

(241) 

427 

(56) 

92.4 

2 

1113 

(270) 

420 

(127) 

94.8 

3 

1036 

(275) 

406 

(204) 

89.6 

4 

951 

(262) 

290 

(179) 

93.2 

5 

874 

(222) 

246 

(111) 

93.9 

6 

834 

(174) 

265 

(113) 

94.9 

7 

818 

(175) 

237 

(79) 

94.5 

8 

819 

(155) 

281 

(139) 

95.2 

9 

868 

(181) 

333 

(177) 

95.0 

10 

7*9 

(97) 

212 

(64) 

96.4 

11 

7  o  4 

(108) 

296 

(169) 

96.5 

12 

747 

(191) 

261 

(168) 

95.5 

13 

698 

(135) 

191 

(95) 

96 . 4 

14 

717 

(149) 

221 

(105) 

94.9 

15 

702 

(146) 

233 

(127) 

94.7 

n  \J  Lt\J  t\XJ 

1 

1875 

(512) 

724 

(295) 

89.0 

2 

1762 

(393) 

776 

(412) 

88.2 

3 

1558 

(341) 

556 

(158) 

87.5 

4 

1478 

(299) 

489 

(136) 

88 . 9 

5 

1387 

(351) 

512 

(171) 

88  . 1 

6 

1425 

(381) 

608 

(303) 

88  .  1 

7 

1390 

(348) 

495 

(216) 

87.4 

8 

1461 

(394) 

793 

(605) 

89.1 

9 

1362 

(315) 

543 

(287) 

88.3 

10 

1286 

(345) 

448 

(177) 

91  .  1 

11 

1407 

(372) 

684 

(416) 

89.2 

12 

1341 

(453) 

531 

(360) 

91 . 4 

13 

1282 

(292) 

487 

(189) 

87.6 

14 

1269 

(267) 

457 

(183) 

92 . 4 

15 

1281 

(256) 

478 

(208) 

89.8 
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Table  11a.  INTERVAL  PRODUCTION  TASK 


GROUP  -  A 


INTRVAL 

(*) 

INTRVAL 

(*) 

VARIBLTY 

(*) 

MEAN 

STD_DEV 

SCORE 

(msec) 

(msec) 

517 

(141) 

79 

(94) 

23.7 

(5) 

450 

(117) 

40 

(17) 

35.4 

(22) 

449 

(83) 

48 

(20) 

38.2 

(27) 

450 

(70) 

68 

(55) 

51 . 9 

(56) 

439 

(88! 

67 

(58) 

51.8 

(47) 

Table  lib.  INTERVAL  PRODUCTION  TASK 


.RIAL 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 


GROUP 


INTRVAL 

MEAN 


(*) 


INTRVAL 
STD  DEV 


(*) 


(msec) 

(msec) 

635 

(116) 

52 

(46) 

584 

(90) 

54 

(45) 

545 

(97) 

39 

(17) 

498 

(43) 

39 

(10) 

489 

(€€> 

30 

(7) 

510 

(86) 

36 

(16) 

502 

(75) 

34 

(17) 

504 

(41) 

37 

(22) 

508 

(42) 

47 

(36) 

512 

(38) 

27 

(8) 

517 

(43) 

41 

(32) 

515 

(45) 

27 

(11) 

538 

(57) 

25 

(7) 

503 

(55) 

25 

(5) 

524 

(44) 

29 

(14) 

■  STANDARD 

DEVIAT 

ICN  FOR  PRECEEDING 

VARIBLTY 

SCORE 


24.1 

24.4 

20.4 
23.0 
22.8 

21.2 

21.4 
21.8 
21 

17 
21 

18 
15 
18 
18 


(*) 


(27) 

(21) 

(7) 
(6) 

(8) 

(7) 
(12) 
(12) 

(9) 

(5) 

(13) 

(8) 
(1) 
(7) 
(5) 
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THE  UNIVERSITY  OF  OKLAHOMA 
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Table  12a.  CONTINUOUS  RECALL  TASK 
■  GROUP  -  A  WORKLOAD  LEVEL  -  LOW 


TRIAL 

MEAN 

<*) 

STD_DEV 

<*) 

PCT 

(*) 

COR 

(msec) 

(msec) 

(%) 

1 

1794 

(702) 

1004 

(347) 

90.7 

(14.2) 

2 

1527 

(561) 

709 

(344) 

92.9 

(11.2) 

3 

1575 

(411) 

725 

(217) 

92 . 1 

(12.4) 

4 

1450 

(384) 

733 

(215) 

91.6 

(14.2) 

5 

1352 

(406) 

774 

(227) 

92.0 

(14.2) 

-  GROUP 

*  A 

WORKLOAD  ! 

LEVEL  -  MED 

IUM - 

TRIAL 

MEAN 

<*> 

STD  DEV 

<*> 

PCT 

(*) 

COR 

(msec) 

(msec) 

(%) 

1 

2636 

(1168) 

1247 

(537) 

84.1 

(15.0) 

2 

2602 

(1226) 

1040 

(506) 

86.5 

(20.8) 

3 

2723 

(941) 

1044 

(261) 

89.1 

(14.6) 

4 

2403 

(855) 

847 

(248) 

91.7 

(13.6) 

5 

2299 

(516) 

887 

(258) 

94 . 1 

(10.3) 

- GRC 

>UP  -  A 

WORKLOAD 

LEVEL  - 

HIGH - 

TRIAL 

MEAN 

(*) 

STD  DEV 

(*) 

PCT 

(*) 

COR 

(msec) 

(msec) 

(i) 

1 

4002 

(1966) 

1737 

(1007) 

75.6 

(17.1) 

2 

4  (  4 

(2146) 

1603 

(588) 

81.5 

(16.5) 

3 

4134 

(1985) 

1383 

(376) 

84  .  9 

(14.5) 

4 

3489 

(1573) 

1361 

(433) 

81.0 

(17.0) 

5 

3823 

(1574) 

1328 

(523) 

79.7 

(12.3) 

*  -  STANDARD  DEVIATION  FOR  PRECEEDING  VARIABLE 
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Table 

12b. 

3  ■  D 

CONTINUOUS 

RECALL 

TASK 

TRIAL 

MEAN 

{*> 

STD_DEV 

<*> 

LOW - 

PCT 

(*) 

COR 

(msec) 

(msec ) 

(%) 

1 

1207 

(267) 

485 

(150) 

94  .  6 

(3.4) 

2 

1067 

(144) 

454 

(114) 

95.7 

(2.6) 

3 

946 

(97) 

413 

(141) 

96.3 

(1.9) 

4 

879 

(196) 

327 

(131) 

95.8 

(2.8) 

5 

848 

(191) 

323 

(171) 

96.7 

(2 . 9) 

6 

777 

(167) 

340 

(173) 

95.5 

(0.6) 

7 

781 

(186) 

344 

(169) 

96.4 

(4.9) 

8 

742 

(133) 

360 

(221) 

97.2 

(1.7) 

9 

795 

(173) 

337 

(219) 

96.8 

(1.4) 

10 

752 

(171) 

360 

(194) 

95.8 

(1.9) 

11 

757 

(156) 

405 

(223) 

96.1 

(2.6) 

12 

730 

(150) 

2  92 

(149) 

97.7 

(1.1) 

13 

637 

(160) 

263 

(144) 

96.5 

(1.4) 

14 

6^0 

(185) 

295 

(201) 

95.6 

(1.6) 

15 

615 

(153) 

209 

(146) 

97.0 

(1.7) 

-  GROUP 

-  D 

WORKLOAD  LEVEL  -  MEDIUM  - 

2939 

(887) 

1104 

(322) 

80.6 

(7.4) 

2 

2113 

(401) 

801 

(137) 

79.7 

(9.2) 

3 

2151 

(711) 

970 

(284) 

80.7 

(9.2) 

4 

2155 

(975) 

701 

(388) 

87.1 

(11.5) 

5 

1933 

(830) 

849 

(728) 

82.5 

(11.2) 

6 

18  62 

(769) 

775 

(481) 

87.7 

(9.1) 

1808 

(790) 

654 

(380) 

86.2 

(14.1) 

- 

1807 

(808) 

722 

(434) 

84.3 

(10.9) 

9 

1737 

(668) 

725 

(447) 

87.0 

(14.7) 

10 

18  52 

(967) 

731 

(527) 

85.1 

(18.0) 

11 

1805 

(983) 

718 

(478) 

87.0 

(13.4) 

12 

1672 

(808) 

681 

(394  ) 

88.3 

(10.6) 

-  3 

1585 

(746) 

559 

(291) 

86.8 

(13.9) 

14 

1565 

(756) 

653 

(453) 

87.8 

(8.4) 

15 

1498 

(711) 

494 

(247) 

84  .  8 

(10.6) 

-  GROUP 

-  D 

WORKLOAD  LEVEL  -  HIGH  - 

J. 

2781 

(894) 

2 

2345 

(587) 

3 

3323 

(1552) 

4 

2809 

(1339) 

5 

2433 

(1046) 

6 

2636 

(1364) 

7 

2513 

(1222) 

8 

2449 

(1198) 

9 

2431 

( 1 C  62 ) 

10 

2605 

(1393) 

11 

2596 

(1395) 

12 

2533 

(1291) 

13 

2318 

(1345) 

14 

2082 

(1034) 

15 

2258 

(1286) 

1101  (347) 

1008  (484) 

1145  (877) 

1003  (808) 

830  (497) 

891  (708) 

845  (644) 

772  (575) 

1079  (722) 

947  (706) 

1141  (768) 

1016  (706) 

736  (460) 

717  (397) 

1 88  (555) 


65.5  (5.2) 

11.1  (12.3) 

78.7  (6.2) 

71.1  (14.0) 

04.7  (11.3) 

74.8  (14.9) 

76.7  (13.2) 

75.1  (13.6) 

76.1  (10.1) 

74.5  (14.3) 

75.7  (14.3) 

75.0  (10.2) 

77.9  (13.8) 

76.5  (12.6) 

74.7  (10.6) 
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6.0  ANALYSIS  AND  DISCUSSION 


Three  separate  analysis  of  variance  models  were  used  to  isolate  the  response 
differences  between  the  groups,  trials  and  workload  levels  for  each  task.  The  first 
analysis  employed  a  within- subjects  factorial  design  involving  the  entire  data  set  for  a 
given  task,  and  including  Group  (G),  Trial  (T)  and  Level  (L)  as  the  main  factors. 
Only  trials  1  through  5  were  included  in  this  analysis.  The  results  from  this  analysis 
are  summarized  in  Table  13  which  gives  the  value  of  p  for  each  significant  hypothesis 
test.  The  variable  names  for  this  and  subsequent  tables  consist  of  a  two-letter  task 
code  followed  by  a  two-letter  code  for  the  dependent  variable.  The  task  codes  were 
defined  in  Table  1  and  the  variable  codes  were  given  in  Table  3.  In  addition,  PC 
represents  the  percentage  correct  accuracy  score  and  was  obtained  by  dividing  the 
number  of  correct  responses  by  the  total  number  of  stimuli  for  each  three-minute  tnal. 

As  seen  in  the  table,  there  were  no  overall  differences  between  the  groups  and  few 
significant  interactions  between  Group  and  the  other  factors.  In  general,  the  tnal  by 
level  interaction  was  not  significant.  There  were  highly  significant  differences  between 
subjects  for  virtually  every  task  measure.  Differences  between  trials  will  be  discussed 
separately  for  each  task. 

Because  of  the  highly  significant  (p  <  0.0001)  differences  between  workload  levels  for 
all  task  vanables,  a  second  set  of  analyses  were  performed  after  isolating  the  indivi¬ 
dual  data  sets  for  the  low,  medium  and  high  levels.  The  major  factors  in  this  set  of 
analyses  were  Group  (G)  and  Trial  (T).  The  results  are  summarized  in  Table  14.  This 
approach  proved  very  helpful  in  isolating  the  trial  differences  that  were  identified  in 
the  first  set  of  analyses. 

A  final  set  of  analyses  were  performed  to  determine  if  the  significant  trial  differences 
for  a  given  task  existed  in  Group  A,  Group  X  (Groups  B,  C  or  D)  or  in  both  groups. 
All  fifteen  trials  were  included  in  the  analyses  for  the  task  subset  groups.  These 
results  are  presented  in  Table  15. 

Summaries  of  the  unique  results  for  each  task  are  given  in  the  sections  following  the 
tables  and  a  discussion  of  the  results  from  the  Subjective  Workload  Assessment  Tech¬ 
nique  concludes  the  report. 


Table  13.  Summary  of  Overall  Analyses  of  Variance. 


DEPENDENT 

FACTOR 

INTERACTION 

VARIABLE 

Group  |  Trial 

Level 

Subject 

GxT 

GxL 

TxL 

MS-MN 

* 

* 

* 

.003 

MS-SD 

.015 

* 

* 

MS-PC 

* 

.071 

PM-RT 

* 

.085 

PM- PC 

* 

.064 

.059  ! 

PM-FR 

.013 

* 

.001 

.025 

GR-MN 

* 

* 

* 

I 

GR-SD 

.001 

* 

* 

.070 

1 

GR-PC 

.028 

* 

* 

MP-MN 

* 

♦ 

MP-SD 

.005 

* 

* 

MP-PC 

.001 

* 

.001 

UT-AE 

.001 

* 

.022 

UT-EV 

* 

• 

.001 

SP-MN 

.012 

* 

* 

— 

SP-SD 

* 

.044 

SP-PC 

* 

LP-MN 

* 

* 

.007 

.070 

LP-SD 

* 

* 

* 

.053 

LP-PC 

* 

* 

IP-MN 

.089  .008 

* 

IP-SD 

IP-VS 

* 

CR-MN 

.086 

* 

* 

002 

CR-SD 

.016 

* 

o 

<-A 

o 

CR-PC 

.011 

* 

* 

. 

*  p  -  0.0001 
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Table  14.  Summary  of  Analyses  of  Variance  by  Workload  Level. 


! 

WORKLOAD  LEVEL 

Low 

Medium 

High 

FACTOR 

G  T  GxT 

G 

T  GxT 

G  |  T 

GxT  | 

DEPENDENT 

;  VARIABLE 

MS-MN 

* 

.001 

.002 

MS-SD 

.081 

MS-PC 

PM-RT 

PM-PC 

.070 

PM-FR 

.009  .024 

GR-MN 

*  .073 

* 

.012 

GR-SD 

.001  .008 

GR-PC 

.087 

.076 

MP-MN 

* 

.001 

.003 

MP-SD 

.002 

MP-PC 

UT-AE 

.059  .073 

* 

1  UT-EV 

.006  .047 

* 

j  SP-MN 

.001 

.014 

|  SP-SD 

.082 

:  sp-pc 

.040 

LP-MN 

* 

*  .030 

* 

!  LP-SD 

.022 

*  .092 

.058 

|  LP-PC 

.037 

!  IP-MN 

.089  .008 

j  IP-SD 

i  IP- VS 

CR-MN 

.027  .006 

.048 

.084  I 

CR-SD 

.010  .012 

.097 

CR-PC 

.076 

.005 

*  p  =  0.0001 
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6.1  Memory  Search  Task 

Response  Time  Mean  (MS-MN).  The  mean  correct  response  time  for  MS,  although 
not  significantly  different  for  Groups  A  and  B  was  faster  for  Group  A  especially  at  the 
high  level.  Trials  differed  significantly  at  all  three  levels,  especially  the  low  level.  As 
in  most  tasks,  the  change  in  performance  was  most  drastic  from  trial  1  to  trial  2  with 
trials  2  through  5  not  significantly  different.  For  Group  B,  further  improvement  was 
seen  for  the  middle  trials  (8,  9,  10)  and  the  late  trials  (13,  14,  15).  Average  times  for 
the  late  trials  (L=483,  M=584  and  H=689  msec)  were  comparable  to  the  data  reported 
by  Shingledecker  (1984). 

The  above  results  were  quite  common  and  may  be  assumed  for  the  other  variables 
unless  stated  otherwise.  A  ranking  of  subject  performance  verified  a  random  assign¬ 
ment  of  subjects  to  Groups  A  and  B.  This  result  also  holds  for  most  variables  and 
tasks  and  will  not  be  restated. 

RT  Standard  Deviation  (MS-SD).  The  trial  standard  deviation  of  response  time  fol¬ 
lowed  the  same  pattern  as  the  means  except  for  a  lack  of  difference  between  trials. 
Only  the  medium  level  for  Group  B  exhibited  a  significant  difference  between  trials 
and  even  in  this  case  there  was  no  clear  pattern. 

Percentage  Correct  (MS-PC).  Identical  statements  may  be  made  for  response  accu¬ 
racy  as  measured  by  percentage  correct.  In  general,  accuracy  was  high  across  all  trials 
but  was  significantly  lower  at  the  high  workload  level  (L=97%,  M=96%  and  H=82% 
in  latter  trials). 

6.2  Probability  Monitoring  Task 

Percentage  Correct  (PM-PC).  Aside  from  the  significant  differences  between  work¬ 
load  levels,  little  car.  be  said  with  respect  to  the  number  or  percentage  of  correct 
responses  for  Probability  Monitoring.  At  the  low  level,  100%  accuracy  was  achieved 
by  all  subjects  on  all  trials.  At  the  other  levels,  this  dropped  to  a  range  of  50%  to 
90%  over  various  trials  with  no  clear  learning  pattern.  With  only  two  or  three  bias 
signals  per  trial  it  is  difficult  to  measure  accuracy  with  adequate  precision.  An 
increase  in  the  number  of  signals  during  a  three-minute  trial  would  reduce  this  prob¬ 
lem. 

Response  Time  (PM-RT).  Data  for  response  times  is  somewhat  unreliable  due  to  the 
small  number  of  signals  which  means  that  the  average  response  time  for  a  trial  may 
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be  based  on  a  single  response.  The  times  differed  significantly  only  for  the  low  level 
(10.5  sec)  and  could  not  distinguish  between  the  medium  (18.1  sec)  and  high  (18.2 
sec)  levels.  They  were  comparable  to  Shingledecker’s  data  except  at  the  high  level 
where  the  times  for  the  current  study  were  approximately  2  seconds  faster.  The  times 
showed  high  variability  across  trials  especially  at  the  medium  and  high  levels  with  no 
evidence  of  improvement  with  practice  at  any  level. 

False  Responses  (PM-FR).  The  number  of  subject  responses  when  no  signal  was 
present  was  significantly  higher  at  the  high  workload  level.  There  was  a  constant 
decrease  in  the  number  of  false  responses  over  time  which  was  particularly  evident  for 
Group  A  at  all  icvets  and  for  both  groups  at  the  medium  level. 

6.3  Grammatical  Reasoning  Task 

Response  Time  Mean  (GR-MN).  The  mean  correct  response  time  for  GR  did  not 
differ  significantly  between  Groups  A  and  B.  Trials  differed  significantly  for  all  three 
levels  with  a  smooth  transition  from  trial  1  through  trial  5.  For  Group  B,  substantial 
improvement  occurred  at  trial  ten  especially  at  the  low  and  medium  levels.  This  trial 
represented  the  beginning  of  the  fourth  day  of  testing  and  may  represent  a  strategy 
change  on  the  part  of  some  subjects.  Average  times  even  during  the  latter  trials 
(L=2626,  M=5097  and  H=7074  msec)  were  substantially  longer  (1000-1500  msec)  than 
the  data  reported  by  Shingledecker  with  times  for  the  middle  trials  an  additional  400  to 
600  msec  higher. 

RT  Standard  Deviation  (GR-SD).  Overall  the  trial  standard  deviation  of  RT  does 
not  distinguish  between  the  low  and  medium  workload  levels.  Differences  between 
trials  existed  primarily  at  the  low  level  for  Group  A  which  exhibited  a  drastic  decrease 
from  trial  1  to  trial  2. 

Percentage  Correct  (GR-PC).  The  accuracy  score  also  did  not  distinguish  between 
the  low  and  medium  levels  (L=96%,  M=97%,  H=92%  for  late  trials).  In  general, 
accuracy  was  quite  high  and  may  have  accounted  for  some  of  the  differences  in  the 
mean  RT  comparison  with  Shingledecker.  This  is  one  of  few  variables  which  exhi¬ 
bited  group  differences,  with  Group  A  having  lower  accuracy  than  Group  B  at  the  low 
workload  level  (86%  vs.  96%).  Trials  differed  significantly  for  the  high  level  only, 
ranging  from  70%  for  trial  1  to  85%  for  trial  5  to  92%  for  the  later  trials. 
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6.4  Mathematical  Processing  Task 

Response  Time  Mean  (MP-MN).  The  response  time  mean  did  not  differ  between 
Groups  A  and  C.  There  was  definite  improvement  over  time  for  both  groups  at  all 
three  workload  levels.  The  improvement  was  smooth  yielding  average  times  during 
the  latter  trials  (L=420,  M=1208  and  H=2056  msec)  that  were  identical  with  the  data 
from  Shingledecker. 

RT  Standard  Deviation  (MP-SD).  The  standard  deviation  distinguished  between  all 
three  workload  levels  and  decreased  steadily  over  time  particularly  at  the  low  level. 

Percentage  Correct  (MP-PC).  Accuracy  was  uniformly  high  across  all  trials  and 
workload  levels  (L=9 8%,  M=98%  and  H=99%  for  late  trials).  The  significant  Group 
by  Level  interaction  was  a  result  of  lower  accuracy  for  Group  A  subjects  primarily  at 
the  high  workload  levels. 

6.5  Unstable  Tracking  Task 

Mean  Absolute  Error  (UT-AE).  This  variable  differentiated  all  three  workload  levels 
although  the  difference  between  medium  (34)  and  high  (37)  was  small  compared  with 
the  difference  between  medium  (34)  and  low  (8).  Data  from  latter  trials  (L=8,  M=30 
and  H=37)  agreed  with  that  of  Shingledecker  except  at  the  low  level  where  the  current 
value  was  higher.  The  significant  Group  by  Level  interaction  was  due  to  the  poorer 
performance  of  Group  A  subjects  which  was  evident  primarily  at  the  medium  level. 

Performance  improved  with  practice  with  the  greatest  gain  from  trial  1  to  trial  2. 
However,  the  pattern  was  different  at  each  workload  level.  At  the  low  level,  Group 
A’s  performance  did  not  change  while  the  performance  of  Group  C  improved  from 
trial  1  to  trial  2  and  gradually  deteriorated.  The  task  is  very  easy  at  this  level  and  sub¬ 
stantial  improvement  is  not  possible.  The  medium  level  has  the  greatest  potential  for 
improvement  and  both  groups  improved  over  the  first  two  or  three  trials.  At  the  high 
level,  no  improvement  took  place  since  the  task  is  so  difficult  that  the  available  level 
of  training  did  not  improve  each  subject’s  inherent  tracking  skill.  This  contradicts  ear¬ 
lier  data  indicating  that  six  to  twelve  practice  trials  are  needed  to  eliminate  major  train¬ 
ing  effects  (Shingledecker,  1984).  With  the  current  data,  one  or  two  trials  were 
sufficient  at  the  low  and  medium  levels  whereas  15  trials  did  not  provide  any  improve¬ 
ment  at  the  high  level. 

Edge  Violation  (UT-EV).  The  edge  violations  or  control  losses  differed  widely 


between  the  three  workload  levels  (L=0,  M=68  and  H=353  for  late  trials).  These  data 
were  very  close  to  the  values  given  by  Shingledecker.  Trial  differences  were 
significant  especially  at  the  medium  level  which  provided  classic  learning  curve  data. 
As  with  the  absolute  error  measure,  improvement  was  not  possible  at  the  low  level 
beyond  the  first  trial  and  could  not  be  achieved  at  the  high  level. 

6.6  Spatial  Processing  Task 

Response  Time  Mean  (SP-MN).  Trial  differences  were  evident  primarily  at  the  low 
and  medium  levels  for  both  Groups  A  and  C  with  the  largest  differences  within  the 
first  two  or  three  trials.  Group  C  demonstrated  a  decrease  in  response  time  during  the 
later  trials  (L=572,  M=1094  and  H=1395  msec)  yielding  data  approximately  equal  to 
that  reported  by  Shingledecker  for  all  levels. 

RT  Standard  Deviation  (SP-SD).  Trial  standard  deviation  easily  distinguished  all 
three  levels.  Only  Group  A  at  the  medium  level  demonstrated  a  marginally  significant 
decrease  in  standard  deviation  over  time. 

Percentage  Correct  (SP-PC).  The  accuracy  score  marginally  distinguished  between 
the  low  and  medium  levels  with  the  accuracy  for  the  high  level  substantially-'  lower. 
Data  for  the  latter  trials  (U=96%,  M=93%  and  H=95%)  showed  no  difference  between 
the  levels.  Group  C  at  the  high  level  demonstrated  a  substantial  improvement  follow¬ 
ing  the  first  four  trials. 

6.7  Linguistic  Processing  Task 

Response  Time  Mean  (LP-MN).  The  results  for  LP  are  very  similar  to  those  for  the 
Memory  Searcn  Task.  Trials  differed  significantly  for  all  three  levels  following  a 
smooth  learning  curve.  Group  D  showed  little  improvement  beyond  that  obtained  in 
the  first  five  trials  with  times  (L=503,  M=  706  and  H=l277  msec)  that  agreed  with 
Shingledecker’s  data  for  the  low  and  the  medium  levels  but  were  substantially  faster 
(by  50%)  for  the  high  level  antonym  matching  task.  This  may  have  been  due  to 
stimulus  memorization  by  the  current  study  subjects. 

RT  Standard  Deviation  (LP-SD).  The  standard  deviation  measure  decreased 
smoothly  over  trials  for  all  three  levels.  In  addition,  it  easily  differentiated  all  three 
workload  levels  (L=  1 86,  M=457  and  H=717  msec). 

Percentage  Correct  (LP-PC).  Percentage  correct  remained  constant  across  trials  but 
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differed  significantly  between  all  three  workload  levels  (L=97%,  M=95%  and  H=76% 
for  latter  trials). 

6.8  Interval  Production  Task 

Interval  Mean  (IP-MN).  Th  :  mean  interval  duration  was  the  only  variable  in  the 
CTS  which  differed  between  the  two  groups.  The  average  interval  for  Group  A  was 
approximately  90  msec  shorter  than  that  for  Group  D.  Although  not  the  primary  per¬ 
formance  criterion  for  this  task,  the  mean  interval  duration  perhaps  indicates  a  stronger 
desire  on  the  part  of  Group  A  subjects  to  hurry  through  the  remaining  part  of  the  bat¬ 
tery  as  this  task  was  near  the  end  of  the  sequence.  For  both  groups  the  mean  interval 
became  shorter  over  the  course  of  the  first  few  trials. 

Interval  Standard  Deviation  (IP-SD).  No  significant  differences  were  observed  for 
this  measure  partly  due  to  the  high  degree  of  inherent  subject  variability. 

Variability  Score  (EP-VS).  Although  no  significant  differences  were  found  for  this 
primary  performance  measure  of  the  IP  task,  die  performance  of  Group  A  deteriorated 
greatly  over  the  first  five  trials  (24  to  52)  while  that  of  Group  D  remained  constant  or 
improved.  One  plausible  explanation  is  that  the  Group  A  subjects  used  the  IP  task  as 
a  rest  break  since  minimal  attention  is  required  to  actually  perform  the  task.  This  inat¬ 
tentiveness  possibly  increased  from  the  first  to  the  last  trial. 

6.9  Continuous  Recall  Task 

Response  Time  Mean  (CR-MN).  Overall,  the  mean  correct  response  time  did  not 
differ  between  the  groups.  However,  at  the  low  level,  Group  A  was  substantially 
slower  than  Group  D  (1540  vs.  989  msec).  Trials  differed  significantly  at  the  low  and 
medium  levels  only.  Group  D  continued  to  improve  at  all  levels  during  the  latter  trials 
(L=  641,  M=  1549  and  H=  2219  msec).  However,  these  times  were  substantially 
longer  than  those  reported  by  Shingledecker. 

RT  Standard  Deviation  (CR-SD).  Standard  deviation  easily  differentiated  all  three 
workload  levels  (L=595,  M=949  and  H=1250  msec).  The  Pattern  across  trials  and 
groups  was  similar  to  the  above  mentioned  pattern  for  RT  mean. 

Percentage  Correct  (CR-PC).  Percentage  correct  differed  substantially  between  lev¬ 
els  even  following  substantial  training  (L=96%,  M=86%  and  H=76%).  Steady 
improvement  over  time  was  achieved  particularly  at  the  medium  level. 


6.10  Subjective  Workload  Assessment  Technique 
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The  SWAT  ratings  showed  consistent  ordered  differences  between  workload  levels  for 
all  tasks  (Table  16).  Examination  of  the  ratings  also  provided  a  comparison  of  the 
relative  difficulty  across  tasks  (Table  17).  Of  the  tasks  with  three  distinct  workload 
levels.  Mathematical  Processing  had  the  lowest  rating  (easiest)  and  Continuous  Recall 
the  highest  (most  difficult). 


Table  16.  Average  SWAT  Ratings  for  Each  Task. 


TASK 

WORKLOAD  LEVEL 

Low 

Medium 

High 

MS 

4.6 

14.2 

29.2 

PM 

4.6 

18.0 

35.8 

GR 

15.5 

26.0 

37.9 

MP 

0.0 

4.9 

14.8 

UT 

5.6 

28.4 

57.7 

SP 

0.0 

7.4 

14.2 

LP 

5.4 

23.0 

38.1 

IP 

1.9 

CR 

27.9 

36.5 

75.0 

Table  17.  Subjective  Task  Difficulty  Based  on  SWAT. 


WORKLOAD 

TASK 

Low 

Interval  Production 
Mathematical  Processing 
Spatial  Processing 

Memory  Search 

Probability  Monitoring 
Linguistic  Processing 
Grammatical  Reasoning 
Unstable  Tracking 

High 

Continuous  Recall 

W 
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1.  Introduction 


This  research  deals  with  information  systems  that  hold 
collections  of  data  records.  Each  record  can  be  the  citation  of  a 
journal  article,  a  book,  or  an  information  module  composed  for  a 
special  purpose.  A  special  characteristic  of  these  systems  is  that 
each  data  record  is  represented  by  a  set  of  index  terms  first.  At 
the  indexing  time,  the  problem  of  the  indexer  is  to  select  a  proper 
set  of  subject  terms  to  represent  each  record.  "How  to  select  a 
proper  set  of  terms  for  each  record,"  has  been  discussed  in  depth  by 
Salton  [  1  ] .  In  general,  a  term  A  would  be  chosen  as  an  index-term 
for  this  particular  record,  if  this  record  contains  significantly 
more  information  about  subject  A  than  most  of  the  other  data  records 
in  the  collection. 

However,  the  term  A  might  have  a  number  of  close  relatives 
(e.g.  the  word  "computer"  is  closely  related  to  "computing", 
"computers",  "calculating",  "calculator",  etc.).  At  the  time  of 
indexing,  the  concept  of  "computer"  might  be  indexed  by  the  term 
computer  or  any  one  of  its  close  relatives  as  mentioned  above. 

At  the  time  of  a  search,  the  problem  of  the  user  is:  "how  to 
select  a  proper  term  for  search",  in  order  to  reach  the  desired 
information.  This  is  a  problem  because  in  most  retrieval  systems, 
the  retrieval  mechanism  is  based  on  the  "perfect"  or  "fuzzy"  match 
of  query-terms  with  index-terms  (see  for  example,  in  Salton  [2]).  In 
the  latter  case,  the  similarity  between  query-terms  and  index-terms 
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of  data- records  are  computed  and  ranked,  such  that  only  the  most 
relevant  records  are  retrieved  for  the  user. 


In  the  pa3t,  our  attention  has  been  centered  on  information 
users  who  depended  upon  online  search  specialists  to  handle  their 
searches  of  information.  As  online  information  systems  become  more 
widely  available,  people  from  all  walks  of  life  begin  to  hunt  for 
information  through  the  online  information  system  files.  An  inherent 
problem  in  this  situation  is  that  most  information  users  are  not 
familiar  with  the  indexing  vocabulary  used  by  each  of  the  online  in¬ 
formation  systems;  and  many  of  the  enthusiastic  users  are  not  even 
familiar  with  the  vocabulary  of  the  subject  area,  in  which  they  have 
newly  acquired  interest.  All  these  users  use  whatever  relevant  terms 
come  into  their  minds  for  search.  However,  they  usually  have  the 
knowledge  to  recognize  the  proper  terms  representing  their  interest 
at  s i g n t . 

Many  libraries  do  have  online  search  specialists  to  assist 
tr.ese  information  system  users  in  translating  the  user's  concept  of 
information  need  into  proper  subject  terms  for  online  searches.  But 
there  are  .not  enough  of  these  specialists  to  handle  the  service  load 
of  the  user'j  needs  satisfactorily.  Thus,  it  is  desirable  to  have 
an  interface  substituting  the  human  specialist  between  the  database 
of  records  and  the  user,  so  that  the  online  databases  can  be  more 
readily  accessible  to  the  information  users.  As  can  be  expected, 
this  new  computerized  interface  would  not  be  as  accommodative  as  the 
human  information  specialists,  but  it  is  readily  accessible  by  the 


users. 


Aa  a  realization  of  the  interface,  Doyle  proposed;  "Semantic 
Hoad  Map  for  Literature  Searches",  in  1961  [3],  but  did  not  provide 
any  details  of  its  implementation.  Research  for  its  implementation 
have  been  carried  out  by  Wei  since  1975  [4],  when  he  proposed  the 
use  of  concept-atoms  to  implement  the  semantic  road  map  for 
literature  searches.  Over  the  next  nine  years,  his  research  with 
co-workers  continued  and  results  were  published  [5,6,7]. 
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2.  Representation  of  Real  World  Knowledge 
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2.  Representation  of  Real  World  Knowledge 

The  online  information  search  specialist  mediates  between  the 
information  system  user  and  the  data  base  system,  thus  to  aid  the 
user  in  his  information  searches.  In  that  process,  the  specialist 
uses  his  knowledge  about  the  database.  If  a  computerized  interface 
is  to  perform  the  task  of  a  human  specialist,  it  must  include  a 
knowledge-base  with  contents  comparable  to  those  possessed  by  the 
human  specialist. 

The  information  in  a  knowledge-base  can  be  stored  in  a  network 
similar  to  that  in  Figure  1  [  9 ] ,  which  contains  the  categorical 
identifiers;  «£TCE,  3RICK,  BLOCK,  and  the  individual  identifiers: 
VEDGE1S,  BRICK 12.  Also  included  in  the  network  are  the  descriptors: 
"triangular"  and  "rectangular”.  The  arrow-headed  lines  illustrate 
the  relation  between  the  nodes.  For  example,  it  says:  "BRICK12  is 
a  3R T  "K" ,  "BRITK  is  a  kind  of  (AKO)  BLOCK”  ,  and  "BRICK  has  a  shape 
that  is  rectangular".  A  network  of  this  kind  carries  detailed 
knowledge  about  the  real  world.  But  it  is  very  costly  to  store  a 
large  knowledge-base  of  this  kind  on  the  computer. 
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To  assist  users  in  information  retrieval,  the  system  knowledge 
as  represented  by  a  simplified  network  similar  to  that  in  Figure  2 
can  be  very  helpful.  A  pair  of  closely  related  nodes  are  linked  by 
a  line.  Two  nodes  which  are  linked  through  one  or  more  nodes,  are 
remotely  related.  In  fact,  the  network  in  Figure  2  is  similar  to 
the  "road  map  for  searches"  first  proposed  by  Doyle  in  1 96 1 .  Today, 
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residing  in  one  of  the  nodes  in  the  net.  If  provided  a  means  to 
navigate  through  the  net,  he  will  be  able  to  find  all  terns  in  the 
net,  which  are  related  to  the  concept  as  represented  by  his  selected 
tern  with  which  he  entered  into  the  semantic-net.  The  net  contains 
all  index-terms  used  in  the  database  as  well  as  those  related  terns 
which  night  be  used  by  information  searchers  to  enter  the  system  for 
retrieval.  For  the  convenience  of  the  searchers,  all  index-terns 
are  narked  with  a  "*".  So  the  users  know  that  data-records  are 
available  in  the  database  for  those  terns. 

The  index-terns  for  all  records  in  the  database  are 
automatically  aided  to  the  semantic  net.  Other  terms  m  the  net  are 
added  by  the  system  designers  with  the  view  that  they  might  be  used 
by  information  users  to  begin  their  searches.  Additional  terms  are 
to  be  collected  online  from  entries  by  users.  They  are  those  terms 
failed  to  retrieve  any  record  for  a  user,  but  relevant  records  are 
availabl  in  the  database. 


I. 
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3.  Kn  Information  Retrieval  System  with _a 
Semantic-Net  Interface 


At  Ghio  University,  Wei  conceived,  in  1975,  the  idea  using 
concept-atoms  as  the  building  biocic  for  a  semantic-net.  A  net  was 
implemented  on  a  H?-3DOO  computer  with  IMAGE  database  management 
software.  Each  concept-atom  has  an  appearance  similar  to  the  one  in 
Figure  d.  The  concept-atoms  were  individually  constructed  and  were 


The  configuration  of  an  information  retrieval  system  with  index 
and  semantic-net  interface  ia  illustrated  in  Figure  5.  The  user 
interacts  with  the  retrieval  management  program.  That  program 
receives  request  (in  the  form  of  a  subject  term)  from  user,  delivers 
to  user  the  final  result  of  search  or  sub j ec t- t e rms  for  user's 
selection  in  order  to  decide  on  the  direction  of  further  searches. 
That  program  also  sends  request  to  database  management  system  (DBMS) 
for  a  search  through  the  index,  the  semantic-net  or  the  database 


records. 


The  diagram  in  Figure  6  illustrates  the  retrieval  process  which 
starts  when  the  user  enters  a  search  term  into  the  retrieval  system. 
Immediately,  the  process  searches  through  the  index-terms  of 
database  records  for  a  match.  If  a  match  is  found,  records  indexed 
under  that  term  are  delivered  to  the  user.  Otherwise,  the  process 
searches  through  the  semantic-net  for  terms  closely  related  to  the 
entry  term.  These  terms,  if  found,  are  delivered  to  the  user  for 
selection.  The  user  selects  one  of  them  as  an  entry  term  for  the 
next  search.  Thus,  the  search  process  starts  on  another  search 
cycle.  The  search  cycle  repeats  until  the  user  is  satisfied  or  the 
user  has  given  up  the  hope  of  finding  another  valuable  data-record 
after  navigating  through  the  semantic-net.  However,  during  a 
search,  the  user  having  retrieved  data-records  can  continue  to 
navigate  through  tne  semantic-net  for  extended  searches.  A  fragment 
from  an  actual  search  session  is  attached  in  appendix  ,  as  an 


illustration. 
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Fig.  6  The  information  Retrieval  Process 


48.13 


its* 


1 

J 

R&4 


4*  Semantic  Distance  and  Concept-atona 

Sowa  [10]  defined  semantic  distance  between  a  pair  of  terms  as 
the  minimum  number  of  steps  from  one  term  to  the  other  term  in  a 
hierarchical  graph,  in  which  both  terms  are  present  with  their 
super-  and  sub-types.  However,  Rcsch  [12]  assigned  semantic 
distance  between  terms  based  on  the  average  response  time  of  her 
test  subjects  in  experiments  to  questions  related  to  that  term-pair. 
In  essence,  by  her  method,  the  semantic  distance  (in  inverse  to 
strength  of  association)  i3  dependent  to  large  extent  upon  the  co¬ 
occurrence  frequency  of  the  term-pair  under  consideration.  The 
accumulated  co-occurrence  experience  of  the  term-pair  in  each  test 
subject's  mind  determines  his  response  time  to  the  test  questions. 

We  follow,  in  essence,  Roach's  method  in  determining  semantic 
distances  between  term-pairs.  The  values  arrived  at  in  this  method 
may  subject  to  variation  from  person  to  person.  But  it  is  a  quicker 
method  to  obtain  values  for  semantic  distances.  Perhaps,  for 
similar  reasons,  Roger  Schank  has  assigned  interest  values  by  hand 
[llj.  In  fact,  our  experience  indicates  that  the  strength  of 
association  between  a  pair  of  terms  in  our  mind  does  change  with 
time.  For  example,  our  library  installed  a  computer  system  for 
circulation  control  and  book  catalog  searches  a  couple  of  years  ago. 
Since  then  the  association  between  the  terms:  Library  and  Computer 
is  much  stronger,  i.e.  the  semantic  distance  between  those  two  terms 
much  reduced. 

Because  of  the  time-dependent  characteristic  of  semantic 
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instance,  the  semantic  net  constructed  to  aid  information  retrieval 


needs  to  be  revised  periodically.  The  revision  is  actually  simpler, 


if  concept  atoms  are  used  as  the  building  blocks.  Because  each 


concept-atom  can  be  changed  independently. 


imce  the  performance  of  a  semantic-net  depends  upon  the  quality 


of  its  building  blocks  (i.e.  the  concept-atoms)  and  there  are  many 


concept-atoms  to  construct.  Then  the  question  is:  "How  to 


construct  quality  concept-atoms  with  the  aid  of  computer?" 


A  concept-atom  is  a  cluster  of  closely  related  terms  which 


together  represent  a  concept.  Thus,  the  idea  of  using  statistical 


cluster  analysis  method  has  come  up  for  consideration.  Our  approach 


to  using  statistical  method  is  described  in  the  next  section. 
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5.  Cluster  Analysis 


n 


Understanding  our  world  requires  conceptualizing  the 
similarities  and  differences  between  the  entities  that  compose  it. 
Clustering  analysis  is  the  general  logic,  formulated  as  a  procedure, 
by  which  we  objectively  group  together  entities  on  the  basis  of 
their  similarities.  Therefore,  cluster  analysis  has  been  used 
extensively  by  social  science  researchers  [l3,  14,  15].  The  cluster 
analysis  method  was  pioneered  by  Tryon  in  the  1930's.  He  published, 
in  1939,  a  monograph,  "Cluster  Analysis"  containing  the  methodology 
and  theoretical  principles  of  cluster  analysis  and  calculator 
programs  utilizing  those  methodology  and  principles.  He  and  his 
students  continued  the  work  into  the  next  30  years. 

The  cluster  analysis,  as  originally  conceived  by  Tryon,  was  a 
poor  man's  Factor  Analysis.  He  also  wanted  methods  which  relied  a3 
much  as  possible  upon  logic,  and  as  little  as  possible  upon 
mathematics.  When  Tryon  worked  mathematically,  his  usual  choice  was 
for  geometry.  He  seems  to  have  seen  clusters  in  his  space  much  like 
astronomers  see  galaxies  in  theirs.  Some  psychologists  believe 
Tryon's  cluster  approach  was  a  stimulant  to  the  multi-group  method 
of  factor  analysis,  in  which  axes  were  put  through  the  centers  of 
clusters. 


It  came  as  no  surprise  that  Sailey  (Tryon’s  student)  wrote  a 
computer  program  for  cluster  analysis  of  variables  from  a 
correlation  matrix  input  f 1 3 ] -  In  1959,  Tryon  and  his  associates 
conceived  a  general  computer  program  to  perform  all  the  main  forms 
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of  cluster  and  factor  analysis  as  mere  special  cases  or  options 
within  the  system.  That  project  was  carried  out  in  the  1960's  with 
funding  from  the  National  Institutes  of  Health.  Thus,  the 
pioneering  work  of  Tryon  and  associates  has  evolved  into  the  cluster 
and  factor  analysis  programs  in  commercially  available  programming 
packages  such  as:  SPSS,  SAS  and  BMDP  [ 1 6 ,  17,  18]. 

The  cluster  analysis  programs  are  to  group  a  3et  of  variables 
into  clusters.  The  factor  analysis  programs  are  to  reduce  a  set  of 
variables  into  major  components,  so  that  the  effects  of  those 
variables  are  adequately  represented  by  a  fewer  number  of  group- 
variables  called  major  components.  The  factor  analysis  is  performed 
through  sophisticated  mathematical  manipulations  as  illustrated  by 
Tabachnick  and  Fidel!  1  9 1  and  Gorsuch  [ 20 3 .  We  have  used  cluster 
analysis  programs  in  SAS  and  SPSS,  but  found  the  factor  analysis 
program  in  SPSS  provides  more  options  for  us  to  choose  from  for 
grouping  variables  into  clusters.  An  example  illustrating  the  use 
of  factor  analysis  program  in  arriving  at  concept  atoms  is  explained 
in  the  next  section. 
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6.  Concept-Atoms  Construction  Using  Factor  Ana lay is  Method 


The  factor  analysis  p rog ram  in  SPSS  has  been  selected  for 
clustering  subject  terms.  This  program  was  designed  to  cluster 
variables  into  groups  by  taking  correlation  matrix  of  the  variables 
as  input.  In  adapting  the  program  for  clustering  terms,  a  matrix 
containing  the  estimated  semantic  distance  between  terms  in  the 
range  of:  from  0  to  1  ,  is  used  as  a  substitute  for  the  input 

correlation  matrix.  Because  of  this,  the  input  matrix  for  our 
factor  analysis  (FA)  run  is  not  as  consistent  as  a  true  correlation 
matrix,  whose  elements  were  computed  from  the  values  of  the  input 
variables. 


As  a  result  of  the  slight  inconsistencies  in  the  input  matrix, 
the  FA  program  run  can  be  unstable  at  times,  and  refuse  to  converge 
onto  a  result.  Fortunately,  there  are  quite  a  few  of  parameters  to 
choose  from  for  each  of  the  key  commands  in  the  FA  program.  Those 
key  commands  and  their  parameters  are  explained  as  follows: 


a)  The  EXTRACTION  command  may  use  any  one  of  the  selected 
parameters  tabulated  in  Figure  7  to  specify  a  method  for 
computation. 
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c)  The  ROTATION  command  can  u3e  one  of  the  selected 
parameters  tabulated  in  Figure  9  to  specify  the  procedure 
for  rotating  the  major  coordinate  axes  in  arriving  at  the 
clusters. 


Parameter 


Method  of  rotation 

indicated  by  parameter 


Varimax 

Varimax  rotation 

Equamax 

Equamax  rotation 

Quartimax 

Quartimax  rotation 

Oblimin 

Direct  oblimin  rotation 

Figure  9.  a  list  of  paraaetera  for  governing  the 
procedure  of  coordinate  axes  rotation. 
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Since  there  are  a  large  number  of  combinations  of  the  parameters 
for  the  three  key  commands:  EXTRACTION,  CRITERIA  and  ROTATION  in  a 
Factor  Analysis  program,  we  have  conducted  extensive  program  runs  to 
determine  the  parameter  combinations  that  would  produce  better 
clustering  results.  One  of  the  better  FA  programs  is  listed  in 
Figure  10,  wherein  14  subject-terms  were  used  as  variables:  VI  to 
V14,  in  the  clustering  operations.  Those  variables  are: 


VI -philosophy 
V3=program ming 
V5=30ftware 
V7-hardware 


V2’religion 
V4*operating  system 
V6=computer 
V8 -sol id-state  chip 
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TITLE  CLUSTER  ANALYSIS 
INPUT  PROGRAM 
NUMERIC  VI  TO  V14 
INPUT  MATRIX  FREE 
END  INPUT  PROGRAM 


V2=religion 
V5=sof tware 
V8=bo1 id-chip 
VI I=network 
V14=databaaa 


COMMENT  Vl=philosophy 

COMMENT  V4=oper— sys 

COMMENT  V7=hardwara 

COMMENT  V10=peripheral 

COMMENT  V 1 3  =  t  a 1 e-comm 

FACTOR  READ  CORRELATION/ 

VARIABLES=V1  TO  VI 4/ 
ANALYSIS=V1  TO  V14/ 
PRINT=CORRELATION  ROATATION/ 
FORMAT=SORT  BLANK  (0.1)/ 
EXTRACTION=ULS/ 

CRITERIA=F ACTORS ( 5 ) / 
ROTATION=OBLIMIN/ 

BEGIN  0 \TA 

0 
0 
9 
B 
1 
9 
9 
1 

7 
5 
5 

8 
5 
8 


1 

.8 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


,8 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 
0 
1 
.  7 
.9 
.9 
.  7 
.  5 
.9 
.  5 
.5 
.  7 
.5 
.8 


0 
0 
.  7 
1 

.8 
.  9 
.6 
.5 
.  7 
.  5 
.  5 
.  8 
.  5 
.8 


0 

0 

.9 

.9 

.9 

1 

.9 

.8 

.9 

.9 

.8 

.8 

.5 

.8 


0 

0 

.7 

.6 

.9 

.9 

1 

.9 

.9 

.9 

.5 


5 

,  5 
,  7 


0 
0 
.  5 
.5 
.  1 
.8 
.9 
1 

.7 
.5 
.  4 
.  4 
.4 
.  4 


0 
0 
.9 
.7 
.  7 
.9 
.9 
.  7 
1 

.8 
.5 
.  4 
.3 
.6 


0 

0 

.5 

.5 

.5 

.9 

.9 

.5 

.8 

1 

.3 
.6 
.  3 
.6 


END  DATA 


V3=programming 

V6=computer 

V9*cpu 

VI  2=inf o— ays 


0 

G 

.5 
.5 
.  5 
.8 
.5 
.  4 
.5 
.  3 
1 
.3 
.8 
.  4 


0 
0 
.  7 
.8 
.8 
.8 
.5 
.  4 
.  4 
.6 
.  3 
1 
.  4 
.8 


Figure  10.  An  exanpe  of  a  Factor  Analysis  program 
for  clustering  subject-terms. 
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.8 
.8 
.8 
.8 
.7 
.  4 
.6 
.6 
.  4 
.8 
.5 
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TV's' 


V'3=CPU 


V  1  1  ^network 


VI 0= peripheral -equipment 
VI  2  =  information  system 


V 1 1  =  te ie- communication  V  t  4= database 


Their  estimated  semantic  distance  are  tabulated  in  a  matrix  between 
353 I N  D A T A  statement  and  BNP  DATA  statement  in  the  PA  example 
program  listed  m  Figure  10.  This  program  performed  clustering 
operations  for  the  above  listed  14  subject  terms  using: 

EXTRACTION  =  ULS/ 

CRITERIA  =  ?ACT0RS(5)/ 

ROTATION  =  OBLIMIN/ 
to  produce  5  clusters  (i.e.  factors). 


The  most  important  output  from  the  program  run  are  displayed  in 
Figures  11.  The  output  in  Figure  11(a)  is  called  the  pattern  matrix 
which  shows  the  relative  contributions  of  the  5  factors  (i.e. 
clusters)  in  representing  the  14  variables  (i.e.  subject-terms)  with 
all  overlapping  parts  of  the  factors  removed.  This  provides  a 
rutner  simplified  clear  picture,  but  is  insufficient  for  all 
turncse. 


.ne  output  m  Figure  11(b)  is  called  the  Structure  Matrix  which 
lisp-ays  tne  relative  contributions  of  the  5  factors  in  representing 
the  14  variables.  As  Tabachnik  [  1 9 ]  has  pointed  out,  in  an 
obliquely  rotated  somtion,  which  is  the  case  of  our  example,  the 
factors  are  correlated;  they  share  overlapping  variability,  so  that 
assignment  ot  variance  to  individual  factors  is  somewhat  ambiguous. 
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PATTERN  MATRIXt 


FACTOR  1 

FACTOR  2 

FACTOR  3 

FACTOR  4 

FACTOR  ! 

V5 

.97113 

V4 

.79812 

-.15962 

V3 

.71269 

.10918 

V6 

.64127 

.21911 

-.28363 

.48589 

Vll 

1.02084 

ViJ 

.63961 

VI 

1.01757 

V2 

.71523 

V14 

.12683 

-.14009 

-.98382 

.1424- 

V12 

.22627 

-.69420 

V9 

.23382 

.23131 

.  IS229 

VJ.0 

-.16819 

-.  24266 

.05090 

V7 

.30743 

-.  10623 

.71703 

V8 

. 504 1 3 

STRUCTURE  MATRIX; 


fACTOR  1 

FACTOR  2 

FACTOR  3 

FACTOR  4 

FACTOR  i 

V5 

. 97400 

-.25135 

.44935 

V6 

.94777 

.40044 

-.58376 

.85256 

V4 

. 80248 

-.32990 

.33093 

V3 

.74705 

.13768 

.38773 

va 

.14219 

1.02767 

-.20017 

.14189 

V13 

.66279 

-.12321 

VI 

1.01757 

V2 

. 71523 

V14 

.41846 

-1.03061 

.43939 

V12 

.20803 

.33463 

-.72409 

.14080 

V7 

.67943 

-.35330 

.94144 

V9 

. 57355 

.13860 

.90924 

V10 

.29155 

-.49481 

.84751 

VB 

.20988 

.12255 

.49354 

l*  » ^ 
l*  o  » ** 

m 


(c)  FACTOR  CORRELATION  MATRIX! 


FACTOR  l 
FACTOR  2 
FACTOR  3 
FACTOR  4 
FACTOR  5 


FACTOR  1 

1.00000 

.12203 

.00000 

-.23m 

.4549} 


FACTOR  2 


1.00000 

.00000 

-.16082 

.12202 


1.00000 

.00000 

.00000 


FACTOR  4 


1. 00000 

-.24007 


Figure  11.  Oucout  from  running  the  factor  analysis 
program  lisced  in  Figure  10. 
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However,  the  greater  the  overlap  between  a  variable  and  a  factor, 


the  rtore  that  variable  is  a  pure  measure  of  the  factor. 


Thus  in  our  program  example,  the  terms  (i.e.  variables)  within  a 
factor  will  make  up  a  cluster  to  represent  a  concept-atom.  The 
subject- term  which  has  the  highest  weight  within  the  factor  (i.e. 
cluster)  will  be  appropriately  chosen  as  the  nucleus,  and  the  other 
terns  within  the  cluster  (i.e.  factor)  are  made  the  satellites  of 
a  concent- atom. 


In  constructing  concept-atoms  from  the  output  of  our  FA  example 
program  run,  the  process  i3  based  on  the  structure  matrix  in  Fig. 
1l(b),  but  factor-to-factor  correlation  matrix  in  Figure  11(c)  and 
our  knowledge  about  semantic  net  provide  additional  guidance  for  the 
process.  Thus,  factor  analysis  is  a  computerized  aid  for  our 
concept-atom  construction  process,  and  concept-atoms  are  the 
building  blocks  for  a  semantic  net. 


The  five  concept-atoms  sketched  in  Figure  12  are  constructed 


based  on  the  FA  program  run  output  in  Figure  11.  A  few  lines  with 
arrow-head  were  drawn  from  satellite  terms  of  each  concept-atoms  to 
tr.e  nucleus  of  other  concept-atoms  to  show  the  search  paths  traveled 
when  a  semantic  r.et  is  referenced  during  an  interactive  session  for 
information  search. 


For  the  purpose  of  illustration,  the  terras:  "philosophy"  and 
"religion"  were  among  the  terms  for  clustering.  Those  two  terms 
belong  to  concept-atom  3  (i.e.  factor  3)  in  Figure  12,  and  stand 
out  as  an  isolated  island  among  the  other  four  :oncept-atoms:  1,  2, 
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-I ,  and  5,  which  are  linked  together  through  sharing  of  common  terms. 

Those  4  concept-atoms  form  a  semantic  patch  through  the  linkage 
of  arrow-headed  lines.  For  example,  "software"  is  the  nucleus  of 
concept-atom  1.  Starting  from  "software",  we  can  travel  to  each  one 
of  its  satellite  terms.  Most  of  those  satellite  terms  would  lead  us 
beyond  this  particular  semantic  patch.  However,  "network"  would 
lead  us,  following  an  arrow-headed  line,  to  concept-atom  2  at  upper 
right  corner,  "hardware"  leads  us  to  concept-atom  5  at  lower  right 
corner,  and  "database"  leads  to  concept-atom  4  at  lower  left  corner. 


Similarly,  if  starting  from  "database"  at  the  nucleus  of 
concept-atom  4,  we  can  reach  concept-atom  1  through  its  satellite 
term  "software",  to  concept-atom  2  through  "network”,  to  concept- 
atom  5  through  "hardware".  Alternately,  if  starting  from  the 
nucleus  of  concept-atom  5,  we  are  able  to  reach  concept-atoms:  1, 
- ,  and  4,  in  the  semantic  patch. 


However,  if  starting  from  "network"  at  the  nucleus  of  concept- 
atom  2,  we  can  only  reach,  through  its  satellite  terms,  to  concept- 
atoms  in  other  semantic  catches. 


Since  the  running  time  of  a  Factor  Analysis  Program  increases 
exponentially  with  the  sice  of  its  input  matrix  (i.e.  with  the 
number  of  subject  terms  to  be  clustered),  the  sice  of  a  semantic 
patch  that  can  be  created  by  a  FA  program  run  iJ  restricted  by 
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e.essity.  Thus,  How  to  piece  together  semantic  patches  created  by 
individual  FA  program  runs?"  becomes  a  topic  for  our  future 


research. 
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Our  research  goal  is  to  extend  our  abilities  for  building 
better  and  better  information  systems.  Naturally,  the  question: 
"What  is  a  good  information  system?",  would  arise.  Since 
information  systems  are  used  to  complement  the  information  storage 
and  processing  capabilities  of  human  brains,  a  good  information 
system  should  possess  all  the  capabilities  of  a  human  being  if 
possible. 


That  means  information  systems  should  be  made  intelligent  by 
some  artificial  means.  Thus,  the  study  of  all  aspects  of  artificial 
intelligence  (Al)  are  within  the  domain  of  information  system 
research. 


Sowa  states  in  his  book  [lO]  that,  "artificial  intelligence  is 
the  study  of  knowledge  representation  and  their  use  in  language, 
reasoning,  learning,  and  problem  solving."  Thus  there  are  five 
broad  areas  for  our  future  research.  Among  those  five,  knowledge 
representation  is  the  most  fundamental  element  of  them  all.  Since 
i 97 4- ,  this  writer  has  begun  research  on  semantic  network  which  is  a 
sub-area  of  knowledge  representation.  He  plans  to  move  his  research 
into  the  area  of  knowledge  representation,  because  it  is  not  only  an 
entity  that  aids  information  search,  it  also  is  the  foundation  for 
user  language  tc  system  language  translation.  On  the  other  hand, 
thi3  writer  is  interested  in  the  use  of  expert  system  (another  AI 
application  area)  methodologies  in  MIS  to  enhance  the  system 
capabilities  and  its  flexibility  for  modifications. 
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DEVELOPMENT  OF  A  HIGH-FREQUENCY  LUNG  VENTILATION 
MODEL  FOR  TESTING  UNDER  HYPOBARIC  CONDITIONS 


Mukul  R.  Banerjee,  Ph.D. 
Department  of  Physiology 
Meharry  Medical  College 
Nashville,  Tennessee 


The  project  titled  ''Development  of  a 
h  i  gh-trequency  lung  ventilation  model  -for  testing 
under  hypobaric  conditions"  described  in  this  report 
was  funded  by  a  RISE  grant  from  SCEEE/AFQSR 
(Subcontract  No.  84  RIP  4?  and  52,  Contract  F 
49620-82-C-0035) . 

The  project  was  initiated  during  my  SCEEE 
research  fellowship  in  summer  1984  at  the  School  of 
Aerospace  Medicine,  Brooks  Air  Force  Base,  Texas. 
During  the  tenure  of  the  fellowship,  I  was  able  to 
develop  ,  in  collaboration  with  my  effort  focal  point, 
Dr.  Stephen  Haswell  a  high-frequency  ventilation 
<HF(j>  system  along  the  lines  of  Fletcher  e  t  al  (5). 
We  made  satisfactory  progress  in  ventilating  a 
mechanical  lung  model.  The  main  objective  in  the  RISE 
grant  application  was  to  duplicate  our  efforts  and 
accomplishments  at  the  Brooks  Air  Force  Base  in  my 
laboratory  at  Meharry  Medical  College  upon  my  return. 
With  the  help  of  this  grant  and  the  support  and 
facilities  provided  by  my  home  institution  we  wanted 
to  achieve  that  goal.  Acquiring  the  capabilities  of 
developing  the  high-frequency  ventilating  system 
locally  and  having  tested  the  system  on  an  artificial 
lung  model ,  our  next  goal  was  to  try  the  system  on 
1 ive  animals.  Our  purpose  'C  to  evaluate  the 
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h  i  gh-frequency  oscillatory 


ventilation.  Of  these  three  techniques, 
h i gh-f requency  oscillatory  ventilation  has  gained 
widespread  attention  <3).  However,  this  technique 
does  not  appear  to  be  superior  to  other 
techn i ques( 1 , 2) .  Fletcher  et  al  (5)  have  described  a 
high-frequency  flow  interruption  technique  which 
prevents  an  admixture  of  inspired  and  expired  gases. 
It  allows  collection  of  expired  gas  for  an  accurate 
measurement  of  volume  and  gas  composition  during 
ventilation  at  rates  upto  at  least  20  Hz. 


METHODOLOGY : 

With  some  modifications  of  the  technique  of 
Fletcher  e t  al  <5)  a  high-frequency  f-1  ow  interruption 
system  was  developed.  Compressed  air  was  provided  to 
the  system  from  the  air  ou i t 1 e t  in  the  laboratory 
The  air  was  filtered  by  passing  it  through  tubing 
packed  with  fiber  glass.  The  air  supply  was 
controlled  by  a  pressure  regulator  and  monitored  by  a 
pressure  gauge.  The  different  settings  of  the  needle 
valve  connected  to  the  tubing  determined  the  air  flow 
rate  chosen.  This  was  indicated  by  a  rotameter  which 
was  pre-cal i brated  with  the  use  of  a  spirometer.  A 


bleeder  value  regulated  the  airway  pressure  developed 


in  the  system.  A  rubber  bag  connected  in  series 
between  the  rotameter  and  the  rotary  valve  but  in 
parallel  with  the  bleeder  valve  prevented  the  initial 
rise  in  inspiratory  pressure  developed  during  the 
expiratory  phase  of  the  breathing  cycle.  The  rotary 
valve,  on  the  other  end  alternated  between  inspiratory 
and  expiratory  lines.  The  rotational  speed  of  the 
rotary  valve  was  controlled  by  a  variable  speed  DC 
motor  with  its  speed  control  unit.  The  different 
respiratory  frequencies  thus  obtained  were  monitored 
by  the  digital  meter  of  a  Universal  Counter  Timer 
Model  5001.  On  the  inspiratory  side,  the  rotary  valve 
was  connected  to  a  two-liter  glass  beaker  packed  with 
copper  scrubber  to  prevent  adiabatic  changes  in 
ventilating  volmes.  The  lateral  pressure  recorded 
from  the  tygon  tubing  in  close  proximity  to  the  beaker 
served  as  the  proximal  airway  pressure.  This  pressure 
was  recorded  by  using  a  Statham  differential  pressure 
transducer,  Model  PM5E .  The  pressure  recorded  by  a 
Ualidyne  differential  pressure  transducer,  Model  DP 
103-26  and  CD  15  Carrier  Demodulator  in  the  distal 
part  of  the  beaker  provided  the  lung  pressure  or 
alveolar  pressure  in  the  mechanical  lung.  Inspiratory 
tidal  volume  was  calculated  by  multiplying  the 
compliance  of  the  mechanical  lung  and  the  changes  in 
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The 


lung  prtssurf  during  th#  breathing  cycle, 
expiratory  tidal  volume  was  obtained  by  th#  electrical 
integration  of  the  expiratory  flow  signal.  The 

expiratory  flow  rates  were  determined  by  the  use  of  a 
Hans  Rudolph  Pneumotachograph  Model  8311  and  a 
Validyne  OP  45  differential  pressure  transducer 
system.  The  integration  of  the  signal  was  done  by 
using  a  Narco  Biosystems  Integrator,  Model  GPA-10. 
The  pressure  and  flow  tracings  were  continuously 
recorded  at  different  frequencies  on  a  Beckman  Type  RM 
strip  chart  recorder. 


RESULTS : 

Compliance  of  the  luno  model ■  This  parameter  was 
determined  by  using  the  tygon  tubing. and  the  pressure 
transducer  system  which  were  subsequently  utlized  for 
determining  the  ventilator  performance 
characteristics.  The  calculated  average  compliance  of 
the  mechanical  lung  model  was  2.86  ml/cmHjjO.  The 
individual  values  are  presented  in  Table  1. 

Leakage  testing.  Initially  there  was  an  air 
leakage  between  the  alumina  ceramic  cylinder  and  the 
surrounding  triple-ported  stainless  steel  cylinder 
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hous i ng. 


The  application  of  a  thin  I ay»r  o f  low 


temperature  silicone  grease  between  the  ceramic  rotary 
piston  and  the  ceramic  cylinder  and  between  the 
ceramic  cylinder  and  the  metal  housing  stopped  the  air 
f  I  ow  away  •from  the  designated  pathway.  Thus,  no 
airflow  was  detected  through  the  expiratory  port  when 
the  air  pressure  was  applied  on  the  inspiratory  port 
under  static  conditions.  Similarly,  there  was  no  air 
exchange  directly  between  the  inspiratory  and 
expiratory  ports  when  the  air  pressure  was  applied  on 
the  expiratory  port  side. 

Leakage  under  dynamic  conditions  was  tested  by 
comparing  expiratory  tidal  volumes  obtained  by 
integrating  the  expiratory  flow  with  the  inspiratory 
tidal  volumes  obtained  by  multiplying  the  lung 
compliance  with  the  lung  pressure  changes.  The  data 
in  Table  2  show  that  the  inspiratory  and  expiratory 
tidal  volumes  were  very  close  indicating  little 
leakage,  if  any  in  the  system  at  different  frequencies 
of  ventilation.  Also,  careful  examination  of 
different  Figures  presented,  particularly  Figure  1 
with  expanded  time  scale  shows  that  there  was  no 
expiratory  flow  tracing  as  the  airway  and  alveolar 
pressures  rose  during  inspiration.  Similarly,  the 
expiratory  flow  started  to  rise  as  the  airway  and 


alveolar  pr»53ur#»  began  to  -f *  1  1  during  expiration. 


Pressure  waveforms.  Typical  tracings  of  a i rway 
pressure,  lung  pressure,  expiratory  air  flow  and  the 
integrated  signal  representing  expiratory  ventilation 
are  presented  in  Figures  i -6 .  It  is  evident  that  the 
rise  in  pressure  during  inspiration  was  essentially 
smooth.  The  introduction  of  the  compliant  rubber  bag 
in  the  system  along  with  the  use  of  the  bleeder  valve 
minimized  the  pressure  spike  developed  in  the 
inspiratory  line  during  the  expiratory  phase  of  the 
breathing  cycle.  The  inspiratory  phase  of  the 
ventilating  system  is  active  while  the  expiratory 
phase  is  passive.  Thus,  the  tracings  show  that  the 
airway  pressure  fell  more  slowly  during  expiration.  A 
major  part  of  the  remaining  noise  in  the  pressure  wave 
appears  to  be  associated  with  the-  inertia  of  the 
system . 


The  time  available  for  passive  expiration  is 
inadequate  to  empty  the  lung  completely  particularly 
at  higher  frequencies  of  ventilation.  Thus,  at  the 
end  of  expiration  the  airway  pressure  did  not  reach 
the  zero  value.  Similarly,  the  lung  pressure  was 
above  the  base  line  at  higher  frequencies. 


m 


49.8 


We  had  problems  in  obtaining  readable  complete 
tracings  at  higher  frequencies  in  our  strip  chart 
recorder.  The  capillarity  of  the  inking  system  failed 
to  record  the  very  fast  component.  In  future  we  plan 
to  store  these  physiological  parameters  on  an  analog 
tape  recorder  (Ampex,  Model  PR  2200). 

An  analog  to  digital  signal  converter  for  our 
micro  computer  has  recently  been  ordered.  In  future 
we  pain  to  do  microprocessor  integration  of  the 
digitized  signal  of  the  expiratory  flow  transducer  to 
determine  the  expiratory  ventilation  rate. 

During  the  past  summer  with  a  UES/AFOSR  Research 
Fellowship  I  worked  with  Dr.  Neel  Ackerman  at  the 
Brooks  Air  Force  Base.  The  other  objectives  mentioned 
earlier  in  this  report  were  accomplished  in  a 
preliminary  way  during  that  time. 

We  used  the  high  -frequemcy  flow  interruption 
technique  on  adult  New  Zealand  White  male  rabbits. 
The  efficiency  of  the  technique  in  maintaining  an 
adequate  gas  exchange  in  the  rabbit  was  tested  first 
at  ground  level  and  then  in  a  hypobaric  chamber 
simulating  an  altitude  of  8000  feet.  This  was 
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immediately  -followed  by  retesting  the  same  animals 
under  ground  level  conditions.  The  anesthetized  and 
intubated  rabbits,  injected  with  a  muscle  relaxant 
were  ventilated  at  1,  5  and  7  Hz  with  a  minute 
ventilation  of  1,  2  and  3  liters  per  minute 
r e spec t i ve 1 y .  Data  were  collected  for  approximately 
one  hour  at  each  frequency.  Our  results  suggested 
that  the  HFV  technique  we  utilized  did  not  adversely 
affect  the  arterial  partial  pressure  of  carbon  dioxide 
of  rabbits  at  high  altitude.  Also,  the 
ar ter i al -al veol ar  partial  pressure  of  oxygen  ratio 
showed  an  improvement  at  high  altitude  with 
high-frequency  ventilation. 
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Table  2.  Comparison  of  inspired  and  expired  minute 
ventilation  at  different  frequencies  and  at  different  rates 
of  air  f 1 ow . 
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ABSTRACT 


In  many  applications  of  mode-locked  short  pulsed  lasers  the 


stability  of  the  system  and  reproducibility  of  the  pulses  are  of 


paramount  importance.  Such  is  the  case  for  non-invasive  studies  of  the 


eye.  Although  passive  mode  locking  schemes  produce  short  pulses,  they 


tend  to  have  large  shot-to-shot  variations.  Active  mode  locking 


produces  more  stable  pulsing  when  the  modulator  frequency  is  carefully 


controlled.  Research  is  reported  which  has  produced  a  feedback  control 


system  which  gives  very  stable  active  mode-locked  pulsing  without  the 


necessity  for  having  precisely  controlled  laser  cavity  length  and 


modulator  drive  frequency.  The  research  included  a  computer  theoretical 


study  and  experimental  work  using  an  argon  laser  as  a  model. 
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I.  INTRODUCTION 


The  mode-locked  laser,  first  reported  in  1964,  ^  provides  a  means 
for  producing  short  optical  pulses.  Since  1964,  workers  in  the  field 
have  produced  shorter  and  shorter  pulses  and  used  various  combinations 
of  active  and  passive  elements  within  the  optical  cavity  for  Q-switching 
and/or  mode  locking  of  various  types  of  lasers. 

It  is  understood  that  the  Air  Force  School  of  Aerospace  Medicine 
(SAM)  is  interested  in  non-invasive  studies  of  the  eye  by  the  use  of 

optical  pulses  short  enough  that  physical  mechanisms  other  than  thermal 

2  3 

effects  come  into  play.  ’  Stability  of  the  system  and  reproducibility 
of  the  pulses  is  of  paramount  importance  in  work  of  this  nature. 

Simultaneously  Q-switched  and  mode-locked  lasers  using  a  saturable 
absorber  for  both  the  Q-switcher  and  mode- locker  produce  short,  high 
peak  power  pulses  but  tend  to  have  large  shot-to-shot  variations  in 

4 

pulse  width  and  energy.  The  use  of  the  colliding  pulse  technique  in  an 
antiresonant  ring  cavity^  has  been  shown  to  provide  shorter  and  more 
stable  pulsing  in  a  passively  Q-switched  and  mode-  locked  Nd:YAG  laser. ^ 

7 

A  number  of  active-passive  systems  have  been  described'  in  which  the 
Q-switching  was  done  passively  and  the  mode  locking  done  actively. 

In  the  case  of  a  cw  Nd:YAG  laser,  the  Q-switching  must  be  done 
actively  but  the  mode  locking  could  be  done  either  actively  or 
passively.  The  colliding-pulse,  antiresonant  cavity  mode-locking 
scheme,  with  its  potentially  greater  stability  over  other  passive  mode¬ 
locking  schemes  and  its  possibility  of  producing  shorter  pulses  than 
active  mode  locking,  seemed  a  good  candidate  for  the  production  of  a 
stable  pulsed  source  derived  from  an  actively  Q-switched  Nd:YAG  laser 
and  was  the  subject  of  an  experimental  investigation  by  the  author 
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during  Che  Summer  of  1984.  The  laser  used  was  a  Laser  Application  Inc. 

Model  9560T  actively  Q-switched  cw  Nd:YAG  laser.  The  conclusion  reached 

was  that  the  laser  gain  was  too  low  to  use  saturable  absorber  mode 

locking  with  the  mirrors  available.  Furthermore,  there  is  some  doubt 

whether  the  active  Q-switched,  passive  mode-locked  antiresonant  scheme 

would  have  been  stable  enough  for  the  SAM  applications,  based  upon  the 

previous  work  with  non-cw  N’d:YAG  lasers.  ^ 

Potentially,  the  active  Q-swicched  active  mode-locked  system, 

followed  by  harmonic  doubling,  is  the  most  stable  configuration. 

Previous  work  has  shown  the  mode-locked  pulses  not  to  be  as  short  as 

with  passive  mode  locking;  however,  regenerative  amplification  and  pulse 

9  10 

compression  techniques  ’  or  synchronous  pumping  of  a  mode-locked  dye 
11  12 

laser  ’  could  be  used  to  increase  the  pulse  amplitude  and  reduce 
pulse  width.  Workers  have  used  both  mode-locked  argon  and  frequency 
doubled  mode-locked  Nd:YAG  lasers  as  pump  sources  for  dye  lasers.  The 

initial  workers  used  passive  mode  locking  of  the  pump  source  but  later 

j.  3 

work  was  with  active  mode-locked  pump  sources. 

Commercial  active-active  systems  are  becoming  available  which  use 

complicated  temperature  compensation  techniques  in  stabilizing  the  laser 

14 

cavity  and  the  mode-locker  individually,  but  they  are  quite  expensive. 
This  is  so  because,  with  separate  stabilization  of  the  combination  line- 
selecting-prism  and  mode- locker,  it  is  necessary  to  control  the  mode- 
locker  temperature  to  within  a  very  small  fraction  of  a  degree. 

It  was  recommended  by  the  Principal  Investigator  in  the  report  of 

g 

his  Summer  1984  work  that  an  active  Q-switched,  active  mode-locked 
system  be  considered,  to  be  followed  by  amplification,  harmonic 
doubling,  and  pulse  compression  techniques.  This  was  not  to  be  a 
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conventional  system  in  which  both  the  laser  and  mode-locker  were 
separately  stabilized; ^ ^  instead,  the  mode-locker  frequency  would  be 
actively  controlled  to  be  the  same  as  the  laser  c/2L  axial  mode  spacing 
frequency.  The  requirement  for  an  active-active  system  where  the 
modulation  frequency  is  locked  to  the  c/2L  frequency  is  that  the  system 
must  be  able  to  sense  when  the  two  frequencies  are  different.  Once  this 
difference  was  sensed,  then  the  modulator  drive  frequency  could  be 
controlled  to  equal  the  c/2L  frequency  and  highly  stable  pulsing 
obtained.  The  problem  was  to  determine  if  such  a  discriminant  existed 
and  whether  it  could  be  used  for  stabilization  of  a  mode- locked  laser. 

II.  OBJECTIVES 

An  objective  of  the  proposed  research  was  to  investigate  possible 
mechanisms  for  locking  the  modulator  frequency  in  an  active  Q-switched, 
active  mode-locked  laser  to  the  c/2L  mode-spacing  frequency.  A  further 
objective  was  to  construct,  once  such  a  mechanism  wa3  identified,  a 
system  to  lock  the  two  together  In  an  operating  laser,  thereby  producing 
a  very  stable  mode-locked  laser,  and  to  determine  the  characteristics  of 
such  a  system.  The  plan  was  to  do  the  experimental  work  with  an  argon 
laser  at  the  Principal  Investigator's  institution  but  the  ultimate  goal 
was  to  obtain  information  that  could  lead  to  the  stabilization  of  a 
Nd : YAG  laser. 

III.  APPROACH 

At  the  beginning  of  this  research,  some  of  the  performance 
parameters  in  an  actively  mode-locked  laser  had  been  known  to  depend  on 
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the  modulator  drive  frequency.  Both  the  peek  amplitude  of  the  pulse  and 

the  location  of  the  pulse  In  the  time  domain,  relative  to  the  phase  of 

the  modulator  drive,  were  shown  to  be  dependent  upon  the  frequencv  of 

the  drive  In  an  early  experimental  study  with  loss  modulation  of  an 

inhomogeneous ly  broadened  laser.  '  A  nonlinear  theoretical  analysis  of 

inhomo geneously  broadened  lasers  showed  both  of  these  effects  to  occur 

i  8 

in  the  case  of  a  loss-modulated  laser  and  the  variation  in  pulse 

1 9 

amplitude  to  occur  In  che  case  of  a  phase-modulated  laser  (the  phase 
of  the  pulse  was  not  studied  in  che  latter  case).  Experimental  work 
with  an  argon  loss-modulated  laser  also  showed  both  effects  to  occur. 

Experimental  work  with  a  phase  modulated  Nd:YAG  laser  showed  the  phase- 

1 1  22 

of-pulse  effect  to  occur.*  An  early  linearized  theory  for  the 
homogeneously  broadened  laser  predicted  both  effects  to  occur  with  phase 
modulation  but  only  predicted  that  the  amplitude  decrease  with  modulator 
detuning  would  occur  in  the  case  of  loss  modulation.  In  conclusion, 
both  effects  had  been  shown  both  theoretically  and  experimentally  to 
occur  in  che  case  of  loss-modulated  inhomogeneous ly  broadened  lasers  and 
In  Che  case  of  phase-modulated  homogeneously  broadened  lasers. 
Furthermore,  the  pulse  amplitude  variation  had  been  shown  to  occur 

theoretically  in  che  other  two  cases — phase-modulated  inhomogeneous  and 

22 

loss-modulated  homogeneous  lasers.  However,  the  linearized  theory 
specifically  predicted  against  the  phase-of-pulse  variation  in  the  loss- 
modulated  homogeneously  broadened  laser  (This  would  be  the  desired 
configuration  for  a  Hd:YAG  laser). 

It  was  essential  for  the  phase-of-pulse  effect  or  some  similar 
effect  to  occur  since  it  would  give  the  direction  of  departure  of  the 
modulating  frequency  from  the  c/2L  mode  spacing  frequency.  This 


information  was  needed  for  a  feedback  control  system  to  lock  the  two 
frequencies  together. 

It  was  the  expectation  of  the  Principal  Investigator  that  both 
effects  would  occur  in  all  four  cases — phase-  and  loss-modulated 
homogeneous  and  inhomogeneous  lasers.  This  could  be  explained  as 
follows.  When  the  modulator  drive  frequency  is  greater  than  the  mode 
spacing  frequency,  the  pulsing  would  be  forced  to  occur  at  a  frequency 
higher  than  the  natural  c/2L  frequency.  The  pulsing  mechanism  would 
resist  this  and  the  phase  of  the  pulse  would  lag  behind  the  modulator 
drive  frequency.  When  the  modulator  drive  frequency  is  leas  than  the 
mode  spacing  frequency,  the  pulsing  would  be  forced  to  occur  at  a 
frequency  lower  than  the  natural  c/2L  frequency.  The  pulsing  mechanism 
would  resist  this  also  and  the  phase  of  the  pulse  would  lead  the 
modulator  drive  frequency.  At  the  same  time,  the  detuning  of  the 
modulator  drive  frequency  would  reduce  the  efficiency  of  the  coupling 
mechanisms  and  add  effective  losses  to  the  pulse  path,  reducing  the 
pulse  output  amplitudes.  There  seemed  to  be  no  reason,  intuitively,  why 
all  four  cases  would  not  operate  qualitatively  the  same  and  it  was 
believed  that  both  effects  would  be  observed  in  all  cases. 

Once  a  discriminant  for  controlling  the  modulator  frequency  was 
shown  to  exist  then  the  effects  of  the  various  parameters  were  to  be 
studied.  For  example  in  none  of  the  previous  work  had  a  study  been  made 
of  the  effects  of  detuning  the  modulator  when  the  center  mode  of  the  set 
of  oscillating  modes  was  off  line  center  of  the  gain  medium.  If  the 
modes  were  going  to  be  permitted  to  "float"  and  the  modulator  frequency 
locked  to  the  mode-spacing  frequency,  then  this  departure  from  line 
center  had  to  be  considered.  Furthermore,  it  remained  to  be  determined 


whether  the  phase-of-pulse  effect  would  occur  In  a  Nd:YAG  laser 
(homogeneous  broadening)  with  loss  modulation,  the  combination  most 
desirable  for  the  basic  mode-locked  source. 

The  approach  had  two  basic  directions  of  effort.  An  experimental 
effort  included  the  loss  modulation  mode  locking  of  an  Argon  laser. 
Spectra  Physics  Model  170,  which  was  available  at  The  Un'versity  of 
Alabama  and  the  characterization  of  the  mode-locked  performance.  Using 
the  appropriate  results  of  these  measurements  a  feedback  control  system 
was  developed  to  lock  the  modulation  frequency  to  the  mode  spacing  of 
the  laser.  The  phase-of-pulse  effect  together  with  a  phase-locked  loop 
were  used  in  this  system  and  performance  data  were  measured. 

A  theoretical  effort  included  a  computer  simulation  of  a  mode- 

locked  laser  to  determine  whether  the  phase-of-pulse  effect  would  exist 

with  a  loss-modulated  homogeneously  broadened  laser  (such  as  NdrYAG). 

The  work  confirmed  that  such  an  effect  would  be  present  and  considered 

the  effects  of  the  various  operating  parameters.  The  effort  used 

18 

theoretical  mode  coupling  equations  developed  earlier  but  modified 
them  to  include  the  effects  of  homogeneous  line  broadening  and 
saturation. 


IV.  THEORETICAL  STUDY 


A  computer  simulation  study  was  made  of  the  mode  locked  laser.  The 
purpose  of  the  study  was  to  determine  whether  the  phase-of-pulse  effect 
existed  with  a  loss-modulated  homogeneously  broadened  laser  and  to  serve 
as  a  guide  for  the  experimental  modeling  using  an  inhomogeneously 
broadened  laser. 
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A. 


THE  COUPLED  MODE  DIFFERENTIAL  EQUATIONS 


The  starting  point  was  the  coupled  mode  differential  equations 

18  19  20 

developed  earlier.  ’  *fc  As  shown  in  these  references  one  can  express 
the  total  electromagnetic  field  in  the  cavity  as  a  sum  of  normal  mode 
eigenfunctions , 

E(z,t)  -  Z  E  (t)  cos  [vnt  +  ♦(e)]  U  (z)  ,  (1) 

n 

where  U  (z)  »  sin  (n  +  n)  irz/L.  The  E  (t)  and  ♦  (t)  are  the  slowly 
no  n  n  1 

time  varying  amplitude  and  phase  of  the  nth  mode,  vq  is  it3  frequency,* 

L  is  the  cavity  length,  and  nQ  is  the  number  of  spatial  variations  of 

some  central  mode  whose  frequency  is  chosen  to  be  closest  to  the  center 

of  the  atomic  fluorescence  line.  Starting  with  Lamb's  self  consistency 
23 

equations  and  including  the  effects  of  atomic  polarization  and  the 

parametric  polarization  due  to  the  loss  modulator,  one  obtains  coupled 

18  19  20 

first  order  differential  equations  as  follows  ’  ’ 

•  c 

(*n  -  nAv  +  ~  V  E  " 

^  fEn+l  sln(Vl  -  V  "  En-1  Sin(*n  "  Vl)]  (2) 
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IT  [En+l  C03(W  *n>  +  En-1  cos(*n  “  Vl)]  (3) 


B.  DISCUSSION  OF  PARAMETERS 

In  equations  (I)  and  (2)  the  frequency  of  the  nth  mode  has  been 
expressed  in  terms  of  the  detuning  Av  of  the  modulator  drive  frequency 


*  In  the  theoretical  discussion  all  symbols  for  frequencies  will 
denote  circular  frequencies  unless  otherwise  noted. 


such  that 


v  from  che  axial  mode  spacing,  Av  »  A ft  -  v  , 
m  m 

13  -  \i  *  nAv. 

n  n 

The  parameter  Qn  is  the  frequency  of  the  nth  cavity  resonance  and  is 


given  by 


ft  *  f.  ♦  (nrc)/L, 
n  o 


where  ftQ  is  the  frequency  of  some  center  mode.  Also  Aft  is  the  frequency 
interval  between  axial  resonances  (Aft  ■  ttc/L). 

The  atomic  contribution  to  the  polarization  of  the  nth  mode  is 
introduced  by  means  of  macroscopic  quadrature  and  in-phase  components  of 

It  f 

susceptibility,  denoted  by  xn  and  xn  ,  respectively.  Then  an  optical 

signal  propagating  through  a  length  L  of  the  cavity  undergoes  additional 

» 

phase  retardation  vLxn/2c  because  of  the  presence  of  the  atomic  medium. 
At  the  same  time,  che  output  optical  intensity  is  increased  by  an  amount 

II 

equal  to  exp  (-vLxn/2c).  It  is  useful  to  define  a  factor  G^  such  that 

.  (6) 


Thus  the  fractional  single  pass  power  gain  of  the  nth  mode  is  given  by 


I  Single  Pass 

Iout  *in 

[  Power  Gain  , 

»  nth  mode 

^in 

G  -l 

e  ”  .  (7) 


At  small  gains,  e  s  L  +  G  and  therefore  G  is  approximately  equal  to 

n  n 

the  fractional  single  pass  power  gain.  The  parameter  G^  depends 
nonlinearly  upon  frequency  and  power  level.  Similarly,  it  is  useful  to 
define  a  phase  retardation  *  such  that 

■l>  -  —  x '  .  (8) 

n  c  *n 

where  ^  is  the  additional  round  trip  phase  retardation  which  is  seen  by 


the  nth  mode  as  a  result  of  the  insertion  of  che  atomic  medium.  This 


also  depends  nonlinearly  upon  frequency  and  power  level.  In  the 
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computer  simulation  a  specific  dependence  upon  frequency  and  power  level 
must  be  assumed  for  and  These  differ  for  inhomogeneous  and 

homogeneous  broadening  and  are  considered  in  detail  in  later  subsections 
of  this  discussion. 

The  quantity  an  is  defined  in  terms  of  of  the  nth  mode  by  the 
expressions 

vL  _1_  (9) 

3n*c 

and  Includes  both  dissipative  and  output  coupling  loss  (mirror  transmis¬ 
sion).  Since  loss  is  small,  a  is  approximately  equal  to  the  fractional 

a 

single  pass  power  loss  of  the  nth  mode  (i.e.,  e  3  1  a  ) .  In  typical 
cases  is  independent  of  n. 

In  practice  the  perturbing  element  or  modulator  extends  over  a 
short  distance  in  the  axial,  or  z  direction  and  usually  will  have  no 
significant  spatial  variation  over  its  length  in  that  direction.  The 
expression  for  the  attenuation  through  a  loss  modulator  perturbing 
element,  per  pass  through  the  element,  can  be  written 

a(t)  »  o^(I+  cos  v^t).  (10) 


As  previously,  if  the  loss  is  small,  e  s  l  +  and  therefore  a^  is 
approximately  the  average  single  pass  loss  through  the  perturbing 
element . 

This  yields  a  cross  coupling  term  a^  which  is  given  by  the 

.  18 

expression 


L  V 
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where  L  is  the  axial  length  of  the  modulator  centered  at  zQ,  and  for 
1<<L  is  approximately 


(11) 
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the  cross  coupling  loss  term  is  maximized  by  making  zQ  small  and  Chen 
becomes 


The  self-coupling  term 


and  therefore  is  equal  to  Che  average  loss  per  pass  Chrough  Che 
modulator. 

Several  loss  terms  have  been  defined  in  this  section  and  are 
summarized  as  follows:*  an.  Che  single  pass  power  loss  of  the  nC^  mode 
with  is  usually  Independent  of  n;  the  average  loss  per  pass  through 
the  perturbing  element;  a  self -coupling  term  which  is  equal  to 
and  a  cross-coupling  term  which  is  approximately  equal  to  one  half  of 
this  average  loss, 

1)  Inhomogeneous  Saturation 

It  remains  to  give  the  form  of  G  and  v  depending  on  the 

an 

particular  type  of  line  broadening  or  saturation.  For  the  inhomogeneous 
case  the  principal  features  of  the  problem  are  considered  to  be  treated 
adequately  by  assuming  the  example  of  a  Doppler  broadened  Gaussian 
atomic  line  with  homogeneous  linewidth  much  smaller  chan  both  the  axial 
mode  interval  AG  and  Doppler  linewidth.  For  these  cases  the  gain  is 
expressed  as 


l  ♦  CE2 


*  These  descriptions  are  applicable  to  the  low  loss  case,  otherwise 
the  terms  should  more  correctly  be  called  attenuation  constants. 
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where  g^  is  che  unsaturated  per  pass  fractional  power  gain  of  the  nth 
mode  and  C  is  the  saturation  parameter.  For  the  Doppler  broadened 


Gaussian  line  then,  g^  is  given  by 


8  *  e 

sn  6o 


v  -  v 

z  (-2 _ 2) 

1  1  Ku  ' 


zt(0)  - 


and  corresponding  this,  ^  is  taken  to  be 


*n  "  8o 


Z1(0) 


where  power  dependent  mode  pulling  and  pushing  effects  have  been 


neglected.  In  (16)  and  (17)  gQ  is  che  unsaturated  line-center  power 


gain  and  Zf  and  Z^  are  the  real  and  imaginary  parts  of  the  plasma 


dispersion  function,  as  described  by  Lamb.  For  vanishingly  small 


homogeneous  linewidth,  (16)  and  (17)  become  gQ  times  the  normalized 


Gaussian  and  Hilbert  transform  of  the  Gaussian,  respectively.  The 


parameter  is  the  center  frequency  of  the  atomic  line  and  Ku  has  units 


of  angular  frequency  and  equals  0.6  times  the  half  power  Doppler 


linewidth.  It  often  is  convenient  to  express  the  axial  mode  interval  in 


terms  of  Ku  and  thus  make  use  of  the  tables  of  Fried  and  Conte. 


2)  Homogeneous  Saturation 


The  prior  work  had  not  considered  the  case  of  homogeneous  line 


broadening  or  saturation  and  in  order  to  do  the  numerical  work  it  was 


necessary  to  derive  the  appropriate  expressions. 


The  population  inversion  (N^-N.,)  in  a  two-level  atomic  system  which 


is  homogeneously  broadened  varies  with  che  optical  intensity,  I,  at  a 


frequency  v  according  to  the  expression" 


<vv 


<w. 


l  +  I  2  Avl  *l/V^ 

sac 
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where  (N^-N.,)  is  the  zero-signal  inversion,  Av^  is  the  Lorentzion 

linewidth,  I  is  the  optical  intensity  level  at  which  the  population 
sat 

inversion  is  reduced  to  one-half  its  unsaturated  value,  and  g^(v)  is 
the  Lorentzion  line  shape  function 


*L(v)  ”  7 


Avl/2 


(19) 


Av 

(v  ~  v)2  ♦  (-^)2 

Q  i. 


where  is  the  line-center  frequency. 
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Following  the  work  of  Kuizenga  and  Siegman,  but  writing  a 
summation  of  discrete  modes  rather  than  a  continuous  integral  over  the 
whole  linewidth,  one  can  modify  (18)  to  account  for  the  presence  of 
several  non-zero  modes  as  follows. 


(n1-n2) 


(Nl-N2)e 


(20) 


1  +  T  7  Avl  k  rm*L(V 

sat 


where  1  is  the  mth  mode  intensity  and  the  summation  is  over  all 
in 

non-zero  modes. 

Corresponding  to  the  population  inversion  there  are  in-phase  and 

25 

quadrature  components  of  susceptibility 


X;  -  (constant)  (SrN2)  —  (vQ-va)  gL(vn) 


(21) 


and 


*  (constant)  (N^-N^)  gL(vn) 


(22) 


where  (constant)  depends  upon  the  dipole  matrix  element  of  the 
transition,  etc. 

Then,  from  (6),  (20),  and  (22)  the  gain  factor  is  given  by 

„  -  gL(vn) _ 

n  ’  g°  2  1  *  C  ±  Av  Z  £2  g  (v  )  , 

2  L  m  mum 

where  gQ  is  the  unsaturated  line-center  power  gain  and  C  -  (A  IgaC) 

(writing  E  2  »  a  I  ) . 

m  m 


(23) 


-1 
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Similarly,  from  (8),  (20),  (22)  and  (23),  the  phase  retardation  V 


is  given  by 

8„’f(v„-v„)  8,  (O 

^  o  n  o  L  n 

^  ’  1  +  C  I  k  Em  «L(V 

The  saturation  parameter  C  is  of  course  different  from  that  in  the 
inhomogeneous  case  shown  in  (13). 

C.  DIGITAL  COMPUTER  SOLUTION 


(24) 


Equations  (2)  and  (3)  were  solved  on  a  digital  computer,  IBM  308 ID, 

for  various  operating  conditions.  The  development  of  the  program  is 

described  in  detail  in  Appendix  A,  and  a  copy  of  the  program  listing  for 

the  homogeneous  broadening  case  is  included  in  Appendix  B.  The 

differential  equations  were  started  on  the  computer,  after  selecting 

initial  mode  amplitudes  and  phases  and  the  laser  parameters,  and 

permitted  to  run  until  a  steady  state  condition  was  reached  (all  E  -  0 

n 

and  $  *  0  to  3  decimal  places).  The  n  »  0  mode  was  generally  taken  at 
line  center,  with  a  frequency  \>q  m  ,  except  when  specifically  the 
effects  of  shifting  the  center  mode  away  from  line-center  were  being 
studied.  The  solution  gives  all  the  mode  amplitudes  and  mode  phases 

V 

The  laser  output  pulse  envelope  was  plotted  to  observe  the  time- 
domain  behavior.  If  the  output  signal  of  the  laser  is  written 


E(t)  *  Z  E  cos[(n  +  nv  )t  +  $  ], 
n  n  0  m  n 

then  the  low  passed  portion  (or  envelope)  of  E2(t),  such  as  would  be 
obtained  if  the  signal  were  incident  on  a  photodetector,  is  given  by 


W(t)  -  J  z 


z 

n 


E  E  cos(sv  t  +  0  -  j>  ) 

n  n+s  m  n+s  n 


(25) 
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(26) 


From  this  output  pulse  envelope  the  pulse  width  and  the  phase  shift  of 


the  pulse  relative  to  the  modulator  can  be  determined.  With  an  assumed 

modulation  phase  as  in  (10),  the  pulse  under  ideal  zero  detuning 

conditions  has  its  peak,  at  v  c  =  it  (lowest  modulator  loss). 

m 

D.  SIMULATION  RESULTS 

The  most  important  element  of  the  study  was  the  determination  of 
the  effects  of  modulator  detuning  upon  the  phase  of  the  output  pulse. 

It  also  was  of  interest  to  know  the  effects  of  modulation  strength  upon 
this  phase  shift.  In  the  homogeneous  case  it  was  not  known  beforehand 
whether  the  phase  shift  would  occur  with  loss  modulation. 

In  general  in  the  homogeneous  case  it  was  more  difficult  to  obtain 
a  steady  state  solution  that  gave  constant  mode  amplitudes  and  phases. 

In  some  runs  a  limit-cycle  type  of  steady  state  was  reached  in  which  the 
peak  in  the  mode  spectrum  would  oscillate  back  and  forth  from 
line-center  to  the  wings  of  the  lineshape.  This  behavior  tended  to 
occur  at  low  modulation  strength  (small  a^)  and  at  large  detuning  of  the 
modulator  frequency.  The  pulse  produced  also  varied  in  a  cyclic  manner, 
alternately  contracting  and  spreading  in  width.  This  behavior  was 
attributed  to  the  fact  that  under  these  conditions  there  was 
insufficient  mode  coupling  to  produce  a  steady  state  mode  locking.  A 

21 

relaxation  type  of  behavior  had  been  observed  experimentally  by  others 
and  In  general  the  tendency  for  homogeneous  mode  locked  lasers  to  be 
unstable  had  been  noted.  Some  had  attributed  the  phenomenon  to  the 
effects  of  noise;"  however,  the  equations  presented  here  do  not  include 
the  effects  of  noise,  and  the  effect  apparently  is  due  to  the  dynamics 
of  the  coupled  mode  system.  A  similar  limit  cycle  behavior  was  observed 
experimentally  under  certain  conditions  by  the  author  in  the  case  of  a 
Nd : YAG  laser."7 
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Experimentalists  have  used  an  intracavity  etalon  to  make  a  mode- 
locked  homogeneous  laser  more  stable.  In  the  simulation  described  in 


che  following  such  a  system  was  modeled. 

I .  Homogeneous  Laser  Simulation 

A  Nd : YAG  laser,  an  example  of  homogeneous  broadening,  was  modeled. 

A  llnewidth  of  120  GHz  was  assumed,  together  with  an  axial  mode  spacing 
of  150  Mz ,  to  give  a  ratio  of  mode  spacing  to  linewidth,  Afl/Av^,  of 
0.00125.  A  102  transmission  output  mirror  and  an  additional  10%  round 
trip  cavity  loss  were  assumed,  giving  a  single  pass  loss  of  10%,  or 
■  0.1.  These  parameters  were  chosen  to  match  the  approximate 
characteristics  of  the  Nd:YAG  laser  at  the  Air  Force  School  of  Aerospace 
Medicine.  Furthermore,  comparing  the  excitation  currents  at  oscillation 
threshold  and  at  operating  conditions  for  that  laser,  a  single  pass 
unsaturated  gain  of  16%  was  assumed,  or  gQ  -  0.16.  Figures  1,  2,  and  3 
show  the  variation  of  pulse  phase  shift,  pulse  width,  and  pulse  ampli¬ 
tude  versus  modulator  detuning  at  several  values  of  cross  coupling,  ac 
(data  points  for  che  limit-cycle  behavior  were  not  plotted).  These 
curves  show  the  great  sensitivity  of  pulse  phase  to  both  modulator 
detuning  and  cross  coupling.  They  show  that  the  desired  effect  does 
indeed  occur  but,  as  will  be  seen  from  Argon  laser  simulations  to 
follow,  che  effect  is  not  as  great  as  in  the  case  of  Inhomogeneous 
broadening.  The  difference  between  the  Nd:YAG  and  Argon  lasers  appears 
to  be  due  more  to  che  value  of  Afi/Av^  than  to  the  type  of  broadening, 
however.  It  was  impossible  to  tell  exactly  whether  Afl/Av^  is  the  reason 
because  an  Inhomogeneous  laser  with  this  value  of  Afi/Av^  "  0.00125  would 
have  too  many  free-running  modes  to  be  modeled.  The  statement  can  be 
inferred,  however,  from  the  observation  of  what  happe-  s  when  an  etalon 
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is  placed  inside  the  cavity  of  the  homogeneous  laser  (the  next  model). 


The  pulse  widths  in  Figure  2  compare  quite  favorably  to  those  measured 


experimentally  by  the  author  with  the  School  of  Aerospace  (SAM)  laser.' 


Next,  the  laser  was  modeled  as  if  an  etalon  with  an  effective 


linewidth  of  30  GHz  had  been  placed  in  the  laser  cavity.  This  gave  a 


value  of  A0/Avt  ■  0.005.  The  mode  spacing,  loss  per  pass,  unsaturated 


gain,  etc  were  assumed  to  remain  the  same.  Figures  4,  5,  and  6  show  the 


variation  of  the  same  parameters  as  with  the  previous  laser.  The 


computer  solutions  were  much  more  stable  with  less  difficulty  arising 


due  to  limit-cycle  type  of  behavior.  One  notes  from  the  figures  that  a 


larger  detuning  is  tolerated  but  that  a  larger  phase  shift  is 


experienced,  and  that  the  pulses  are  wider  (they  also  were  of  smaller 


peak  values  although  it  is  not  shown  by  the  curves  since  a  different 


pulse  height  normalization  was  used  in  Figure  6  and  in  Figure  3).  These 


results  are  in  conformance  with  the  explanation  that  fewer  modes  are 


produced  due  to  the  more  rapid  drop-off  in  effective  mode  gain  for  modes 


away  from  line  center.  In  addition,  the  more  rapid  drop-off  in  gain 


helps  the  system  of  modes  to  center  on  line  center,  producing  a  more 


stable  coupled  mode  system. 


As  pointed  out  in  Appendix  A,  it  should  be  emphasized  that  this  set 


of  computer  runs  could  be  interpreted  differently  by  assuming  different 


laser  constants  for  the  set  of  normalized  constants  (see  equations 


(41)-(48)  of  Appendix  A).  Of  particular  interest  would  be  the 


interpretation  that  the  run  represented  an  increase  in  mode  spacing  to 


300  MHz  and  the  insertation  of  a  60  MHz  linewidth  etalon.  If  all  the 


other  laser  parameters  remain  the  same,  then  the  curves  of  Figures  4,  5, 


and  6  still  apply  except  that  the  pulse  widths  are  halved,  and  a  given 
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Figure  4.  Phase  shift  of  pulse  versus  normalized  modulator 
detuning  in  a  simulated  mode-locked  NdrYAG  laser 
having  a  30  GHz  linewidth  intracavity  etalon. 
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Figure  5, 


Width  of  pulse  versus  normalized  modulator  detuning 
in  a  simulated  mode-locked  Nd:YAG  laser  having  a 
30  GHz  linewidth  intracavity  etalon. 
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Figure  6. 


Pulse  height  versus  normalized  modulator  detuning 
in  a  simulated  mode-locked  NdrYAG  laser  having  a 
30  GHz  linewidth  intracavity  etalon. 
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Figure  8.  Width  of  pulse  versus  normalized  modulator  detuning 
in  a  simulated  mode-locked  Nd:YAG  laser  having  a 
15  GHz  linewidth  intracavity  etalon. 
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Figure  9.  Pulse  height  versus  normalized  modulator  detuning 
in  a  simulated  mode-locked  Nd:YAG  laser  having  a 
15  GHz  linewidth  intracavity  etalon. 


che  rlghc  range  based  on  Che  various  scacemencs  in  che  liceracure. 
Figures  10,  11,  and  12  show  che  resules  of  chis  simulaeion.  The 
compuCer  runs  were  quice  sCable  in  Chis  case  requiring  less  compucer 
eime  Co  reach  sceady  scare.  The  phase  shifcs  were  greacer,  as  in  che 
homogeneous-ecalon  cases,  and  somewhac  larger  decunings  (normalized) 
were  coleraced  as  in  che  laccer  homogeneous-ecalon  case. 

Experimencally,  as  will  be  seen  in  SecCion  V  following,  phase  shifcs 
larger  chan  chis  were  observed  and  sceady-scaee  operacion  was  possible 
ac  larger  decunings.  In  face,  ie  was  difficule  experimencally  co 
observe  unscable  operacion  in  che  inhomogeneous  case. 

3.  General  Conclusions  Regarding  che  Simulacions 

The  following  general  scacemencs  are  seen  very  clearly  from  che 
resules  presenced.  For  Che  infernally  loss  modulaced  laser,  wheCher 
inhomogeneous ly  or  homogeneously  braodened,  Chere  is  a  zero  deCunlng 
poine  where  che  ouepue  pulse  has  no  phase  shife  relacive  co  che 
modulacor  drive  frequency.  Changing  che  modulacor  frequency  from  chis 
value  causes  a  shife  in  Che  ouCput  pulse  phase.  This  shife  is  less  for 
greacer  loss  modulacion  amplicude.  Also  wich  increasing  modulacion  che 
pulse  becomes  more  peaked  and  more  narrow.  The  sharpesc,  narrowesC 
pulses  occur  when  che  modulacor  is  driven  ac  Che  zero  decuning 
frequency.  This  is  che  desired  performance  In  order  for  che 
scabilizaeion  scheme  ehac  was  che  goal  of  chis  work  co  funccion.  The 
confirmaeion  of  che  predicced  Nd:YAG  behavior  was  one  of  che  main  goals 
of  Che  research. 

One  fundamencal  quesdon  was  wheCher  Che  desired  operacion  depended 
upon  che  cencer  mode  being  exaccly  ac  che  line-cenCer  of  che  medium. 
Compucer  runs  wich  a  shife  of  che  cencer  mode  from  line-cencer  showed 
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Figure  10.  Phase  shift  of  pulse  versus  normalized  modulator 
detuning  in  a  simulated  mode-locked  Argon  laser. 
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that  there  was  no  observable  change  in  the  desired  behavior. 


The  computer  simulation  was  quite  satisfactory  and  proved  to  be 
invaluable  in  the  rest  of  the  research  effort. 

V.  EXPERIMENTAL  WORK 


The  laser  used  in  the  experimental  work  was  a  Spectra-Physics  Inc. 

o 

Model  170  cw  Argon  laser  operated  at  4880A.  The  nominal  length  was 
L  »  2.09  m  giving  a  longitudinal  mode  spacing  of  71.7  MHz.  For  mode 
locking  the  laser  an  IntraAction  corp.  acousto-optic  mode-locker  Model 
ML-35C  was  used.  It  had  been  constructed  by  the  manufacturer  to  have  an 
acoustic  center  frequency  of  35.8  +  0.02  MHz.  Additional  details  on  the 
laser  and  mode-locker  are  given  in  Appendix  C  and  Appendix  D  respective¬ 
ly.  The  mode-locker  operated  in  the  usual  acoustic  standing-wave  mode 
in  which  the  effective  loss  modulation  frequency  is  twice  the  acoustic 
drive  frequency.  Also  the  mode-locker  had  to  be  oriented  at  the  Bragg 
diffraction  angle,  necessitating  an  adjustable  holder  so  that  fine 
tuning  adjustments  of  the  mode-locker  orientation  relative  to  the  laser 
beam  could  be  made. 

A.  THE  DISCRIMINANT 

In  studying  the  basic  mode-locked  performance  of  the  laser  a 
tunable  RF  source  was  used  to  drive  a  power  amplifier  which  fed  the  mode 
locker.  Mode  locking  was  obtained  at  a  modulator  drive  center  frequency 
of  35.578  MHz.  Then  the  RF  source  was  detuned  from  the  center  frequency 
to  observe  the  phase  shift  of  the  pulses  relative  to  the  modulator  drive 
signal.  The  resulting  discriminant,  shown  in  Figure  13,  meant  that  a 
stabilization  scheme  would  be  possible.  This  result  was  not  new  for  an 
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Argon  laser,  which  is  mainly  inhomogeneously  broadened,  but  meant  simply 
that  Che  system  was  performing  as  expected  and  that  the  planned  approach 
could  be  continued. 

B.  THE  STABILIZATION  CIRCUIT 

When  one  has  a  discriminant  such  as  that  shown  in  Figure  13,  the 
stabilization  scheme  becomes  fairly  straight  forward  and  simple.  The 
operation  of  the  system,  shown  in  the  block  diagram  of  Figure  14,  can  be 
explained  as  follows.  The  standard  phase  locked  loop  (PLL)  integrated 
circuit  (IC)  consists  of  a  voltage  controlled  oscillator  (VCO)  and  a 
phase  comparator  which  produces  an  error  voltage  proportional  to  the 
phase  and  frequency  difference  between  the  output  of  the  VCO  and  the 
input  signal  to  the  IC.  This  error  voltage  i3  applied  to  the  control 
terminal  of  the  VCO  so  that  its  output  is  synchronized  with  the  input 
signal.  The  input  to  the  PLL  is  taken  from  the  envelope  of  the  pulsed 
laser  output  as  detected  by  the  ultra-fast-response  photo  diode 
(Hamamatsu  SI  188)  and  amplified  by  a  differential  video  amplifier  (LM 
733).  The  output  of  the  amplifier,  which  consists  of  only  the 
fundamental  component  or  first  beat  note  of  the  laser  pulse  envelope 
since  it  is  bandwidth  limited,  is  then  fed  to  a  digital  frequency 
divider  IC  (74S175D  Flip-Flop).  The  phase  comparator  of  the  phase 
locked  loop  IC  (XR215)  compares  the  frequency  and  phase  of  the  output  of 
the  frequency  divider  to  that  of  the  VCO  and  locks  the  output  frequency 
of  the  VCO  to  the  frequency  divider  output.  By  adjusting  the  complete 
system  loop  phase  appropriately,  this  locking  can  be  made  to  occur  at 
zero  detuning  of  the  modulator  where  the  shift  in  phase  of  the  pulse  is 
zero.  One  3imple  way  to  adjust  the  system  phase  is  to  slightly  detune 
the  35.8  MHz  power  amplifier.  Figures  15  and  16  show  the  schematic 
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Figure  15.  Schematic  diagram  of  the  detector 
amplifier  and  frequency  divider. 


diagrams  of  the  detector  amplifier/frequency  divider  and  the  PLL, 
respectively.  Once  the  system  phase  is  adjusted  as  noted,  the  "zero 
phase"  point  of  operation  is  maintained  by  the  feedback  as  parameters 
such  as  the  laser  cavity  length  (and  hence  the  mode  spacing)  change. 

The  "zero  phase"  operating  point  corresponds  to  optimum  performance 
conditions . 

C.  CHECKING  SYSTEM  PERFORMANCE 

In  checking  the  systet  performance  various  data  had  to  be  taken 
without  breaking  the  feedback  loop.  A  second  photo  diode  detector  was 
placed  off  the  main  beam  axis,  sampling  the  laser  output  from  a  beam 
splitter  as  shown  in  Figure  L7.  The  laser  output  after  passing  through 
a  variable  attenuator  A1  was  sampled  by  the  beam  splitter  A2.  The 
transmitted  beam,  after  passing  through  the  variable  attenuator  A3  was 
focused  on  to  the  photo  diode  Dl.  The  detected  signal  was  then 
amplified  and  fed  onto  the  frequency  divider  circuit.  The  beam 
reflected  off  of  the  beam  splitter,  after  passing  through  the  attenuator 
A4,  was  focused  on  to  the  second  photo  diode  D2  for  measurement 
purposes.  Figure  18  shows  the  circuit  diagram  of  detector  D2.  The 
variable  attenuators  A3  and  A4  were  inserted  in  the  system  to  control 
the  intensities  of  the  transmitted  and  reflected  beams  independently,  in 
order  to  add  flexibility  in  preventing  the  photo  diodes  from  becoming 
saturated. 

The  loop  wa3  broken  at  the  input  to  the  PLL  and  an  external 
generator  output  substituted  for  the  output  from  the  frequency  divider 
(Figure  17).  The  PLL  output  voltage  and  resulting  mode-locked  laser 
output  were  observed  as  the  power  level  input  to  the  PLL  was  varied. 

The  results,  shown  in  Figures  19  and  20,  show  that  there  is  a 
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Figure  20.  Laser  mode-locked  average  output  power  when  phase 
locked  loop  was  fed  directly  by  a  signal  generator. 
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considerable  range  or  input  to  the  PLL  (almost  30dB)  over  which  the  PLL 
performs  satisfactorily.  Figures  21  and  22  show  the  pulse  shape  and 
beat  note  spectrum  in  the  stabilized  mode-locked  condition.  The 
shortest  duration  pulses  observed  were  1.8  nS. 

D.  EFFECTS  OF  CAVITY  LENGTH  VARIATION 

Perhaps  the  ultimate  test  of  the  system  is  whether  or  not  it 
controls  the  modulator  drive  frequency  so  that  it  tracks  the  mode 
spacing  frequency  as  cavity  length  varies. 

The  laser  used  had  no  convenient  means  of  varying  cavity  length 
directly.  However,  one  can  vary  the  optical  cavity  length  by  inserting 
a  dielectric  slab  into  the  cavity  and  rotating  it  away  from  the  position 
perpendicular  to  the  laser  beam.  This  can  work  well  and  changes  in 
effective  cavity  length  can  be  obtained  so  long  as  the  resultant  beam 
offset  doesn't  cause  too  much  deterioration  in  performance  due  to 
misalignment. 

A  quartz  slab  or  etalon  1.2  cm  thick  was  inserted  in  the  cavity  and 
rotated  ilO°  from  normal.  The  change  in  cavity  length  as  the  etalon  is 
rotated  from  normal  has  a  theoretical  variation  in  the  mode  spacing 
frequency  as  shown  in  Figure  23.  With  the  complete  loop  in  operation, 
the  experimental  change  in  mode  spacing  (i.e.,  fundamental  beat  note) 
was  measured  as  the  etalon  was  rotated  and  the  data  points  were  plotted 
also  in  Figure  23.  The  asymmetry  in  the  data  points  and  their  deviation 
from  the  theoretical  curve  can  be  explained  as  due  to  the  wedging  of  the 
etalon  (wedging  was  detected  by  observing  the  reflected  spots  from  its 
front  and  back  surfaces  using  a  He-Ne  laser). 

Other  performance  parameters  of  the  system  were  studied  as  the 
effective  length  of  the  cavity  was  varied  by  use  of  the  etalon.  As 
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shown  in  Figure  24,  the  stabilization  loop  kept  the  effective  modulation 
frequency  near  optimum  even  as  the  cavity  length  was  varied,  resulting 
in  a  broad  range  where  the  pulse  phase  shift  was  minimal,  the  effect  of 
the  cavity  length  variation  on  the  laser  output  power  was  also  observed, 
as  shown  in  Figure  25,  and  indicated  a  range  over  which  the  power  output 
was  relatively  unaffected  by  length  changes,  also  indicating  that 
optimum  mode  locking  was  maintained. 

E.  CLOSED  LOOP  DRIFT 

Although  the  purpose  of  the  feedback  system  was  not  to  hold  the 
mode-locking  frequency  constant  but  instead  to  vary  the  modulator 
frequency  to  accomodate  changes  in  the  mode  spacing  frequency,  it  was 
thought  desirable  to  observe  the  absolute  stability.  The  frequency 
variations  of  the  VCO  output  with  loop  open  (the  inherent  changes  in  the 
VCO  frequency)  and  loop  closed  (the  change  due  to  drift  in  mode  spacing) 
were  measured  versus  time.  Shown  plotted  in  Figure  26  are  the  results 
observed  over  a  period  of  30  minutes. 

A  drift  of  37  KHz  was  observed  when  the  loop  was  open,  indicating 
chat  the  VCO  itself  had  a  tendency  to  drift  as  the  ambient  temperature 
varied.  The  overall  drift  was  reduced  to  1.55  KHz  when  the  loop  was 
closed  and  chat  variation  presumably  was  due  to  changes  in  cavity 
length . 

For  comparison,  the  wide  variation  of  the  frequency  of  the  first 
beat  note  (having  a  nominal  value  of  71.7  MHz)  of  the  free  running  laser 
is  shown  in  Figure  27.  These  data  were  recorded  using  the  high  speed 
photo  diode  followed  by  a  video  amplifier  as  in  Figure  15.  Frequency 
was  measured  with  a  counter  in  all  cases. 


RT  Pomp  1.1  Halts 

laser  Current  3M 

Drive  Preeuencv  33.6785  ms 


Drive  Frequency  35.6785  Mx 
RF  Power  1.1  Watts 
Laser  Current  388 


Anyie  of  Etalon  (Decrees  fron  Nomal) 


Figure  25.  Variation  in  mode-locked  laser  power 
with  rotation  of  intracavity  etalon. 
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VI.  CONCLUSIONS 
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The  objectives  of  the  research  have  been  met.  A  computer 


simulation  of  a  loss-modulated,  mode-locked  homogeneously  broadened 


laser  has  shown  that  a  discriminant  exists  for  stabilization  of  the 


laser  in  a  scheme  whereby  the  modulation  frequency  would  be  locked  to 


the  laser  c/2L  frequency.  The  significance  of  the  various  parameters 


was  shown  by  this  simulation. 


A  computer  simulation  of  a  loss-modulated  mode-locked 


Inhomogeneous ly  broadened  laser  was  used  in  guiding  experimental  work  in 


stabilizing  such  a  laser.  A  stabilization  technique,  based  on  the  shift 


of  the  phase  of  the  pulse,  was  implemented  with  an  Argon  laser  and  shown 


to  operate  as  hoped.  The  frequency  of  the  modulator  was  locked  to  the 


laser  c/2L  frequency  and  stable  operation  was  obtained  even  though  the 


laser  operating  conditions  drifted  with  time. 
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VII.  CONFERENCE  PRESENTATIONS 

One  conference  presentation  has  been  made  on  the  research  described 

in  this  report  and  another  has  been  accepted  for  presentation.  They  are 
as  follows: 

?;/:4McDu^f *  A*  Atashi>  S.  C.  Jain,  and  J.  Taboada,  "Feedback 
'nri™  ?  r  T  A°CiVely  Mode  L°cked  User,"  presented  at  the  Eighth 

il9  !i0nf  C°nf^ence  on  Lasers  and  Applications,  LASERS  '85,  Las 

procLtags  l585’  10  ”*  pubUshe'i 

nr  *  S'  !k  T<  Scotc*  and  J-  Taboada,  "A  Computer  Simulation 

^fck_  StablTized  Actively  Mode-Locked  Laser,"  to  be  presented 

published  SrTHEASTC°N  ’86’  Richmond’  Virginia,  March  23-26,  1986.  To  be 
published  in  conterence  proceedings. 
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APPENDIX  A 


DEVELOPMENT  OF  THE  COMPUTER  SOLUTION 


A.  PROBLEM  DEFINITION 

The  mode-locked  laser  can  be  modeled  as  a  system  of  coupled 
differencial  equations  characterizing  the  modes  oscillating  within  the 
cavity,  as  discussed  in  Section  IV.  Each  mode  is  thought  of  as  an 
optical  signal  having  a  definite  magnitude  and  phase,  and  there  is  a 
differential  equation  for  each  of  these.  As  is  evident  from  equations 
(2)  and  (3) ,  each  oscillating  mode  depends  heavily  upon  the  modes 
adjacent  to  it;  therefore,  the  solution  must  include  a  complete  set  of 
equations  covering  all  the  modes  that  may  be  oscillating.  This  can 
become  a  computation  intensive  problem,  since  some  lasers  may  have 
hundreds  of  modes  oscillating  at  any  particular  time. 

B.  SCALING  THE  EQUATIONS 

It  was  convenient  to  scale  (2)  and  (3)  so  that  the  number  sizes 
would  be  easier  to  work  with  and  in  addition  so  that  a  given  computer 
run  could  be  interpreted  as  representing  more  than  one  set  of  physical 
parameters . 

The  time  scale  was  changed  by  letting 


t  =  T  t 
o 


(37) 


to  give  scaled  equations 
dE 


dt 


-  T  AFa  E  +  T  AFG  E  -  T  AFa  E 
o  nn  o  nn  o  an 


(28) 


-  T  AFa  [E  .  cos(i  )  -  E  .  sin($  -4  .)] 

o  c  n+L  n+1  n  n-I  n  n-l 


db 


dx 


nAvT  -  T  AF* 
o  on 


-  T  AFa  [E  ,sin(4  .-4  )  -  E  sin(4  -4  )]  (29) 

E  o  c  n+ 1  n+1  n  n-1  n  n-L 
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where 
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where 


B  -  T  AFg  , 

O  0  0 


and  gives 


SAT  -  1  ♦  ^  Z  X  2B  . 

o  m  is  in 
o 


The  term  An  is  the  shift  of  the  zeroth  mode  from  line  center,  as  a 


fraction  of  mode  spacing.  The  term  AQ/Av.  is  the  ratio  of  mode  spacing 


to  the  Lorentzian  line  width. 


Equation  (24)  gives  for  the  homogeneous  mode  pulling 


B  2 (n+An)  ~ 
n  Av. 


where  the  function  SAT  is  as  given  by  (36), 


2)  Inhomogeneous  Broadening 


In  this  case  the  line  shape  is  that  of  the  plasma  dispersion 


function  as  discussed  in  Section  IV,  and  (15)  and  (16)  give 


\>  -v 

Z  (■  n 

B  =8  iy  - 

n  o  Z^(0) 


where  B  is  *s  defined  in  (35)  above,  and  give 
o 


SAT  «  /I  ♦  CX 


Equation  (17)  gives  for  the  inhomogeneous  mode  pulling 


EN  -  B 
n  o 


V  -V 

z  (-2 — 2.) 

r  v  Ku 


zt(o) 


and  in  this  case  the  effects  of  saturation  upon  mode  pulling  are 


neglected. 


C.  SELECTION  OF  SCALED  PARAMETERS 


Using  the  scaled  parameters,  one  can  make  the  program  behave 


similarly  regardless  of  the  actual  physical  parameters.  For  example  the 


value  of  B  -A  determines  the  start-up  transient  and  has  a  strong  effect 
o 
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on  how  rapidly  steady  state  is  reached.  By  choosing  B^-A  approximately 
the  same  each  time,  similar  performance  of  Che  computer  program  can  be 


obtained  for  each  set  of  runs. 

For  a  given  laser  the  following  procedure  has  been  found  to  be 

useful.  The  value  of  aF  depends  on  the  length  of  the  laser  cavity  and 

thus  is  known.  The  value  of  A  can  be  chosen  based  on  experience  with 

previous  runs.  This  is  related  to  the  known  single  pass  loss  by  (31) 

and  the  value  of  T  thus  is  determined.  The  value  of  B  is  determined 
o  o 

then  from  the  known  unsaturaced  single  pass  power  gain  gQ  and  (31),  or 

else  from  the  estimated  number  of  modes  having  a  net  gain  and  using  (34) 

or  (38).  In  the  inhomogeneous  case,  this  will  be  the  number  of  free- 

running  modes.  The  value  of  D  is  selected  depending  on  what  value  of 

average  modulator  loss  one  wants  to  study  and  by  direct  scaling  from  the 

value  of  A  (see  (31)).  The  value  of  F  is  selected  depending  on  what 

detuning  one  wishes  to  study  and  using  (31).  Zero  effective  detuning 

occurs  when  the  nF  term  in  (33)  just  cancels  out  the  linear  portion 

(versus  frequency)  of  the  dispersion  term  EN^/SAT  in  (33).  One  could 

also  define  "zero  detuning"  as  the  value  of  F  that  gives  a  pulse  that 

occurs  exactly  at  v  t  »  i  radians  as  discussed  in  Section  IV.  Initial 
m 

values  of  the  mode  amplitudes  and  phases  can  be  chosen  similar  to  those 
of  the  expected  solution  in  order  to  reduce  the  computer  time  necessary 
to  reach  steady  state.  From  the  known  linewidth  of  the  laser  medium  and 
the  known  aF,  one  knows  the  value  of  Afl/Av^  (homogeneous  case)  or  Aft/Ku 
(inhomogeneous  case).  If  an  intracavity  etalon  is  used,  the  line  shape 


is  Lorentzian  and  the  effective  linewidth  is  that  of  the  etalon.  “  The 


value  of  the  center  mode  shift  An  is  selected  depending  on  the  study  one 
wishes  to  make.  The  saturation  constant  C  merely  secs  the  scale  of  the 
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mode  amplitudes.  It  can  be  calculated  to  make  the  center  mode  without 
perturbation  equal  to  any  desired  value,  such  as  10,  and  then  all  other 
modes  and  hence  the  pulse  peak  amplitude  can  be  expressed  relative  to 
this  center  mode  amplitude.  Another  possibility  is  to  express  all  the 
amplitudes  in  terms  of  the  free-running  power  which  results  from  the 
choice  of  C.  In  the  Inhomogeneous  case,  all  modes  having  greater 
than  A  will  have  non-zero  free  running  values.  In  the  homoegeneous  case 
(as  idealized  here)  only  the  center  mode  will  have  a  non-zero  value  (it 
will  quench  all  the  rest  of  the  modes). 

Once  a  given  set  of  input  parameters  Aft/Av. ,  A,  B  ,  C,  D,  F  and 
type  of  saturation  are  selected,  the  computer  run  can  be  interpreted  in 
alternate  ways  (l.e.  as  alternate  "lasers")  since  it  is  normalized.  The 
way  these  input  parameters  are  printed  out  in  the  program  is  shown  later 
in  subsection  G,  following.  Suppose  that  a  set  of  the  parameters  has 
been  used  in  a  run;  then,  the  following  interpretation  procedure  could 
be  used. 


(i) 

Select  aF 

(hence  Afl) , 

giving  Avl 

(41) 

(li) 

Assume  an 

appropriate 

value  of  an 

(42) 

(iii) 

Calculate 

s0  -  r  B„ 

(43) 

(iv) 

Calculate 

(44) 

(v) 

Calculate 

aa 

ac  ■  T 

(45) 

(vi) 

Calculate 

—  ■  ^2—  F 

AG  2nA 

(46) 

In  (vi) ,  zero  detuning  can  be  defined  by  subtracting  from  F  a  value  as 
discussed  in  the  above  paragraph. 

(vii)  Calculate  the  free  running  mode  amplitudes  for 
normalization  purposes: 

51.64 


Inhomogeneous 


(47) 
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For  a  system  of  differential  equations,  say  1  to  n,  this  formula  is 
logically  extended  to  include  all  the  equations  as  valid  function 
variables  or  arguments. 

2)  Parameters 

Program  variables  providing  control  over  the  Runge-Kutta  solution 


are: 


N 

TEST 

T2 

H 

Q 

Z 

EXPT 

SKIP 


The  total  number  of  equations. 

The  limit  for  the  independent  variable  t,  i.e., 
where  to  stop  the  solution. 

The  starting  value  (tO)  for  t. 

The  initial  increment  size. 

Results  are  printed  every  Q  steps. 

An  error  check  is  made  every  Z  steps,  if  this  Option 
is  enabled. 

The  approximate  number  of  correct  decimal  places  to 
match  at  each  step  of  the  error  check. 

Skip  the  error  check  flag:  1-yes,  skip;  0-no. 


In  the  program  the  equations  are  slightly  altered  and  appear  as 


below: 

C 


20 


CALL  FUNCT (TINP , VAR , F) 

DO  20  I- 1  ,N 
K(I, 1)-H*F(I) 
VAR(I)«X(I,2)+0.5*K(I, 1) 
CONTINUE 
TINP  «  T2  +  0. 5*H 
CALL  FUNCT (TINP, VAR, F) 

DO  259  1-1  ,N 
K(i,2)»H*F(I) 

VAR(I)-X(I,2)  +  0. 5*K(I , 2) 
259  CONTINUE 

CALL  FUNCT (TINP, VAR, F) 

DO  30  I-l.N 
K(  1 , 3)-H*F (I) 

VAR( I)-X(I ,2)  *  K(I,3) 
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30  CONTINUE 
TINP-T2+H 

CALL  FUNCT (T INP , VAR , F ) 

DO  35  I-L,N 
K(I,4)-H*F(I) 

X(I,3)-X(I,2)+0. 166667 

&  *(K(I,1)+2.0*(K(I,2)+K(I,3)+K(I,4)) 

35  CONTINUE 


An  autostop  feature  of  the  program  allows  the  program  to  stop 
before  the  specified  time  limit  if  the  solution  has  reached  "steady 
state."  Steady  state  was  defined  as  a  repetition  of  the  current  values 
of  the  magnitudes  to  three  decimal  places  for  five  successive  print 
increments  (notice  the  print  increment  is  different  from  the  Runge-Kutta 
step  increment) .  This  definition  may  be  changed  by  some  slight  code 


modification  as  described  later. 

A  plotting  option  was  also  added  to  the  program.  This  option 

computes  the  beat  pattern  due  to  all  the  modes,  giving  the  output  pulse 

envelope.  The  equation  used  for  this  computation  is  (26)  which  is 

derived  from  the  summation  of  a  number  of  sinusoidal  waves.  In  program 

form,  from  subroutine  PLOTER,  this  becomes: 

DO  50  I-l.MAXP 
DO  30  L-l.NO 
DO  30  M-l.NO 

P(I)-P(I)+X(L)*X(M) 

6  *DC0S ( (L-M) *THETA*X (NO+L) -X (NO+M) ) 

30  CONTINUE 

P(I)»DABS(P(I)  / 2) 

LP(I)-DLOG(P(I)) 

THETA-THETA+PINC 
50  CONTINUE 

The  plotting  control  variables  are  described  below: 

IPL0T  -  I  means  to  plot,  0  not  to  plot. 

PINC  -  The  increment  used  between  plotted  points. 

IPSHRT-  0  is  to  print  80  column  output, 

I  is  to  use  132' column  output. 

BTHETA-  The  beginning  plot  value. 

ETHETA-  The  ending  plot  value. 
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Note  that  only  200  points  can  be  plotted,  and  if  more  than  this 
limit  is  specified  (by  the  combination  of  PINC  and  B THETA  and  ETHETA) , 
then  only  the  first  200  will  be  plotted. 

Under  normal  conditions  (IPL0T*1)  the  program  will  plot  the  pulse 
as  it  appears  at  the  last  iteration  before  the  solution  stops.  However 
a  feature  was  added  to  allow  more  than  the  last  iteration's  pulse  to  be 
plotted.  IPLOT  can  be  set  equal  to  an  integer,  say  n,  greater  than  1  to 
force  consecutive  plotting  of  n  iterations.  This  enhancement  allows 
examination  of  the  pulse  shape  at  different  times  and  is  convenient  in 
the  event  that  a  steady  state  is  not  reached. 

E.  COMPUTER  VERSION  OF  EQUATIONS 

Within  the  program,  one  array,  X(I),  is  used  to  hold  both  the 
magnitude  the  phase  values  during  computation.  A  problem  arises  with 
the  equations  since  each  mode  depends  on  those  next  to  it  and  computer 
arrays  are  not  infinite;  thus,  special  consideration  must  be  given  to 
the  first  and  last  element.  For  the  end  modes,  special  versions  of  the 
equations  were  developed,  which  treated  the  next  (nonexistant)  mode  as 
if  it  were  negligible. 

I)  Amplitude  Equations 

The  equations  for  F(l)  and  F(N0)  are  the  specially  modified  first 
and  last  modes.  The  general  equation  shown,  F(I),  is  placed  in  a  loop 
to  compute  all  other  modes  considered.  They  are  presented  below. 

F ( 1)  -  -A*T1  +  B(1)*T1/SAT(N0,C,B0,B,X) 

&  -D*(X(2)*DC0S(T2))/2  -  D*T1 

F(I)«  -A*T1  +  B(I)*T1/SAT(NO,C,BO,B,X) 

&  -  D* (X(I+1) *DC0S (T2)  +  X(I-L)*DCOS(T3))/2 

&  -  D*T 1 

F (NO)-  -A*T1  ♦  B(NO) *T1/SAT (NO ,C ,B0 ,B ,X) 

&  -  D*T 1  -  D*(+X(N0-1)*DC0S (T 2 ) ) / 2 
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Where  the  temporary  variables  Tl,  T2,  and  T3  are  used  to  conserve 
execution  time  (by  preventing  unnecessary  array  indexing)  and  are 
defined  as: 

Tl-X(l) 

T2-X(NO+2)  -  X(N0+1) 

Tl-  X(I) 

T2-  X(NO+I+ l)  -  X(NO+l) 

T3-  X(NO+I)  -  X(N0+I-1 ) 

Tl-X(NO) 

T2-X(N)  -  X(N-l) 

2)  Phase  Equations 

Since  the  phase  values  are  stored  below  the  magnitude  values  in  the 
array,  the  indices  for  them  are  added  to  the  number  of  modes,  NO.  The 
equations  are  presented  below, 

F (N0+ 1) -  -EN (1) /SAT (NO,C ,B0 ,B,X) 

&  +  NN ( 1) *FF  -  (D/T1/2)*(X(2)*DSIN (T2) ) 

F (NO+I)  -  -EN(I)/SAT(NO,C,BO,B.X) 

&  +  NN(I)*FF  -  (D/T1/2)*(X(I+1) *DSIN(T2) 

&  -  X(I-i)*DSIN(T3)) 

F (N)  -  -EN (NO) /SAT (NO, C ,B0,B ,X) 

S,  +NN  (NO)  *FF  -  (D/Tl/2)*(-X(N0-l)*DSIN(Tl)  ) 

Where  the  temporary  variables  Tl,  T2,  and  T3  are  as  defined  for  the 

amplitude  equations. 

3)  Saturation  Effects 

In  the  above  equations  the  function  called  SAT  can  be  changed  to 
accomodate  either  homogeneous  or  inhomogeneous  saturation.  The  two 
methods  are  presented  below.  Note  that  inhomogeneous  saturation  of  a 
mode  X  has  no  dependence  on  the  other  modes,  whereas  homogeneous 
saturation  equations  do  show  dependence  (i.e.  when  one  mode  begins  to 
saturate,  it  has  an  effect  on  all  modes). 


r  •■■■••< 
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a.  Homogeneous  Saturation 


SUM-0 

DO  20  J-l.NO 
T1  -  X(J) 

SUM-SUM+T 1*T1*B(J) 
20  CONTINUE 

SAT- l  +  C/BO  *  SUM 


b.  Inhomogeneous  Saturation 


Tl-X(l) 

SAT-DSQRT(  1  +  C*T1*T1  ) 


F.  CUSTOMIZING  THE  PROGRAM 


1)  Modulation 


The  program  can  easily  be  modified  for  either  loss  or  frequency 


modulation.  This  only  involves  changing  the  subroutine  FUNCT,  which 


contains  the  differential  equations.  Actually,  there  are  only  a  few 


items  to  be  changed,  such  as  numerical  signs  and  cosines  to  sines,  or 


vice  versa. 


2)  Saturation 


The  saturation  types  for  the  equations  is  also  easily  changed.  The 


equation  computing  the  saturation  for  each  mode,  SAT,  has  been  placed  in 


a  separate  function.  This  can  be  modified  with  FORTRAN  statements  to 


give  any  saturation  desired,  those  shown  in  this  report  or  any  other 


forms.  However,  consideration  must  be  given  to  where  in  the  equations 


this  saturation  has  effect.  Notice  that  the  program  is  currently  coded 


for  SAT  to  be  used  in  the  denominator.  Care  should  be  used  so  that  the 


desired  value  is  not  actually  inverted  when  rewriting  SAT  (see  the 


examples  in  the  previous  section).  The  SAT  expression  appears  in 


different  terms  depending  on  the  different  types  of  saturations. 


3)  Number  of  Modes 


Since  the  solution  method  used  has  no  upper  limit  imposed  for  the 
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maximum  number  of  equations,  the  limit  is  arrived  at  by  other  factors. 


The  most  important  is  the  sizes  of  the  arrays  used  to  hold  the 


calculated  values.  This  is,  in  turn,  determined  by  the  size  of  memory 


or  disk  storage  available  on  the  machine.  Another  factor  which  might  be 


considered  is  the  time  (or  expense)  that  will  be  taken  by  using  more  and 


more  modes.  This  could  become  a  very  serious  practical  limitation. 


Since  all  the  modes  are  interdependent,  all  the  equations  are  kept 


in  one  array.  The  magnitudes  are  kept  in  the  top  half  and  the  phases 


are  kept  in  the  lower  half.  Several  variables  are  used  to  keep  track  of 


the  number  of  modes  considered  by  the  program.  They  are  outlined  below. 


NMAX  -  The  number  of  modes  to  one  side  of  center. 


The  total  number  of  modes*2*NMAX+L 


N  -  Total  number  of  equations*2*N0, 
phase  and  magnitude. 


Some  of  the  arrays  must  be  long  enough  to  hold  all  N  values  (such 


as  arrays  X,  F,  NUH,  DEN,  etc.).  Other  arrays  are  only  concerned  with 


either  magnitude  or  phase.  In  this  case,  it  would  be  the  number  of 


modes,  NO,  chat  is  important.  Some  of  these  arrays  are  XW,  YW,  XDOT, 


YDOT,  etc. 


4)  Autostop  Feature 


The  essential  lines  concerning  the  autostop  feature  are  listed 


here.  The  feature  considers  all  calculated  mode  magnitudes  over  the 


last  five  print  increments.  The  array  SSTEST  contains  the  number  of 


time  increments  in  the  past  that  Che  value  of  the  magnitude  has  been  the 


same,  within  the  limits  of  3  decimal  places.  If  this  is  less  than  five. 


then  the  solution  continues.  If  not,  then  the  program  branches  to  126 


to  print  out  the  results,  i.e.  it  has  been  steady  state  for  five  print 


increments  of  time. 
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JL+  Aj** 


'n tm  wtpqww  hjmiw  w.*  ww m wwa  w w *  w*w 


IF(J.GT.l)  THEN 
DO  42  I- 1, NO 

IF(XW(J-l,I).LE,XW(J , I) +. 0001 . AND. 

4  XW(J*l,I).GE.XW(J,I)-.000l>  THEN 

SSTEST(I)-SSTEST(I)+1 
ELSE 

SSTEST(I) *0 
END  IF 

42  CONTINUE 
END  IF 

DO  43  1*1 , NO 

IF (SSTEST (I) . LE. 5)  GOTO  44 

43  CONTINUE 
GOTO  126 

5)  Multiple  Plot  Options 

To  add  the  multiple  plot  option,  the  lines  below  were  altered  to 
the  form  given  here  (currently  implemented  only  in  the  LMLASERI  program, 
since  some  array  indices  must  be  reordered  for  correct  calling  of  the 
subroutine) . 


IF(IPLOT.NE.O)  THEN 
JS-J  -  IPLOT  «■  1 
DO  1304  I-JS.J 
WRITE (IOUT,*) 

&  ’THE  FOLLOWING  PLOT  IS  FOR  TIME  T-\TI(I) 

CALL  PL0TER(XW( 1 , I) ,YW( 1 , I) ) 

1304  CONTINUE 
ENDIF 

G.  THE  PROGRAM  OUTPUT 

A  listing  of  the  complete  program  for  the  homogeneously  broadened 
case  is  included  in  Appendix  B,  together  with  a  sample  set  of  output 
data.  The  relationships  between  the  equation  symbols,  program  symbols. 


and  Che  computer  print-out  labels  are  as  in  Table  1  on  the  next  page. 

The  mode  amplitudes  and  phases  Xq,  Yq  and  their  derivatives  Xn>  Y^  are 
primarily  printed  to  help  one  see  what  is  happening.  The  plot  of  Che 
pulse  is  the  output  of  fundamental  interest.  Its  phase  shift  depends  on 


where  the  pulse  peak  falls  relative  to  v^t  -  w, 


Its  width  in  seconds  is 


1 


equal  to  the  half  amplitude  width  in  radians  multiplied  by  times  the 
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i 


modulator  period,  2L/c. 


Its  peak  amplitude  can  be  compared  to  other 


runs  and/or  to  the  free  running  power. 


Symbol  in  Normalized 

TABLE  1 

Relationship  between  Symbols 

Equations (28)  and  (29) 

Program  Symbols 

Print-out  Label 

A 

A 

A 

C 

C 

C 

D 

D 

LOSS 

A«/Avl 

MODESP 

MODESP 

F 

FF 

F 

An 

SPLINC 

SHIFT 

B 

n 

BCD 

B(N) 

EN 

n 

EN  (I) 

E(N) 

X 

n 

X(I) 

X(#) 

?n 

X(NO+I) 

Y  (#) 

dXn/dr 

F(I) 

XDOT  (If) 

dY  /dr 
n 

F  (NO+I) 

YDOT  (//) 

v  C 

IQ 

THETA 

T 

W(t) 

P(I) 

Y(T) 
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APPENDIX  C 


LASER  CHARACTERISTICS 


Spectra  Physics  Model  170  cv  Argon 


Laser  Diameter . 1.6  mm 

Beam  Divergence . 0.6MR  @  514.5  nm 

Resonator  Configuration. .. .High  Conductivity,  welded  head  shield  and  low 

expansion  quartz  rods 


Cavity  Length . . . 

Longitudinal  Mode  Spacing  (c/2L) . 

Noise  @  514.5  nm. . . . . . 

Long  term  output  power  stability . 

Input  power . 

Operating  Wavelength  (tunable  with  a  prism) 


. 2.09  Meters  (nominal) 

. 71.7  MHz 

. Approximately  It  RMS 

. t  0.5* 

460  *  8Z,  3-phase,  60A/line 
. 4880  A 
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Y-l  mouse  adrenal  tumor  cells  and  HEd-2,  a  human  neo¬ 
plastic,  respiratory  tract,  fibroblast  cell  line  were 
experimental  tissues  to  be  used  in  studies  funded  by 
this  grant.  Experiments  to  clarify  the  involvement  of 
cell  surface  activity  and  mitosis  in  Raman  activity  were 
to  be  conducted.  Although  we  were  able  to  obtain  a  lens 
with  sufficient  enlargement  capabilities  and  we  pur¬ 
chased  an  illuminator  with  sufficient  intensity  to  pro¬ 
vide  adequate  contrast,  sufficient  funds  to  purchase  a 
sensitive  videocamera  and  videotape  recorder  capable  of 
time-lapse  operation  were  not  available. 

Laser  effects  on  physiological  parameters  such  as 
steroidogenesis,  remain  to  be  determined.  We  proposed 
carrying  out  these  experiments  at  Brooks  APB,  however. 
Dr.  Taboada  has  not  completed  renovation  of  the  Raman 
spectrometer;  he  has  been  having  difficulty  resilvering 
mirrors . 

Carotenoids  in  Y-l  cell  extracts  were  to  be  identified 
using  high  pressure  liquid  chromatography  (HPLC).  Al¬ 
though  cells  were  incubated  with  carotene,  stimulated 
with  ACTH ,  and  extracted,  HPLC  could  not  be  performed. 
A  special  column  is  required  for  this  type  of  chromato¬ 
graphy;  after  we  completed  extraction  in  June  1985,  we 
could  not  purchase  this  column  because  we  exhausted  our 
budget.  The  paper  work  indicating  we  had  recieved  the 
remaining  $3000  of  our  $12,000  grant  was  not  received 
until  the  second  week  of  November.  We  have  ordered  the 
column  and  are  awaiting  its  arrival  to  complete  our 
experiments . 

Studies  using  a  Coulter  counter  set  to  count  particles 
within  various  size  ranges  showed  that:  (a)  only  a 
relatively  small  number  of  cell  fragments  (<  10  microns 
in  diameter)  were  associated  with  HEp-2  and  Y-l  cell 
suspensions;  (b)  since  relatively  few  HEp-2  and  Y-l  cell 
counts  were  recorded  in  the  15-25  micron  range,  this 
suggests  that  there  were  few  cell  clumps;  (c)  maximum 
counts  were  observed  in  the  10-13  micron  range  for  HEp-2 
cells;  and  (d)  Y-l  cells  diameters  appeared  to  be  less 
uniform  because  maximum  numbers  were  detected  in  a  10  to 
15  micron  ranqe  (with  sliqhtly  more  cells  measured  in 
the  13-15  micron  range). 


52.2 


Acknowledgement  is  made  of  the  School  of  AerosDace  Medi¬ 
cine,  Brooks  Air  Force  Base,  Texas,  the  Air  Force  Sys¬ 
tems  Command,  the  Air  Force  Office  of  Scientific  Re¬ 
search  and  the  Southeastern  Center  for  Electrical  En¬ 
gineering  Education  for  the  opportunity  to  continue 
investigations  funded  from  the  summer  of  1983  to  the 
present.  Project  supervision  was  by  Dr.  John  Taboada, 
Neurosciences  Branch  of  the  Clinical  Sciences  Division. 
This  project  could  not  be  conducted  without  the  approval 
of  Dr.  Wolf  and  the  enthusiastic  support  of  Dr.  Bryce 
Hartman.  Special  mention  must  be  made  of  the  previous 
consideration  and  courtesy  of  the  Epidemiology  Division 
administration,  particularly  Dr.  Jerry  Schmidt  and  Sgt 
Dwight  Saunier.  Without  the  continuing  cooperation, 
technical  assistance,  tissue  culture  facilities  and 
supplies  from  Dr.  Vee  Davison  and  the  members  of  her 
virology  laboratory,  Jim  Disponet,  Cliff  Miller,  Sgt. 
Donna  Norris  and  Airman  Richard  Green,  our  work  could 
not  have  progressed  to  this  report.  At  Meharry  Medical 
College,  mention  must  be  made  of  the  assistance  of  the 
Dean  of  the  School  of  Medicine,  Dr.  Walter  Leavell,  and 
Physiology  Department  Chairman,  Dr.  James  Townsel,  with¬ 
out  the  special  allowances  made  by  these  individuals 
this  work  would  not  have  been  possible.  Special  mention 
must  be  made  of  Mr.  George  Williams  in  the  Meharry 
Grants  Office,  since  1983  he  has  consistently  gone  be¬ 
yond  job  requirements  to  ensure  smooth  handling  of  our 
purchase  requisitions;  even  after  a  requisition  ha3  left 
his  hands  I  can  call  on  him  to  check  on  status  and 
expedite  clearances. 


\ 


•S 

rjt 


Vvv.1 


RAMAN  SPECTROSCOPY  OP  CAROTENOIDS 
AND  OTHER  MOLECULES  IN  UNSTIMULATED  AND 
STIMULATED,  CULTURED  Y-l  MOUSE  ADRENAL  TUMOR  CELLS 

by 

James  J.  Mrotek 


I.  INTRODUCTION 

THEORETICAL  BACKGROUND  FOR  RAMAN  SPECTROSCOPICAL 
STUDIES; 

Because  a  molecule  interacts  with  the  incident  photons 
with  which  it  is  irradiated,  a  small  number  of  photons 
of  shorter  (anti-Stokes)  or  longer  (Stokes)  wavelenqths 
than  those  of  the  original  incident  light  will  be  scat¬ 
tered  by  the  molecule  durinq  the  irradiation.  Laser- 
Raman  spectroscopy  is  performed  by  scanninq  a  ranqe  of 
wavelenqths  immediately  preceedinq,  and  succeeding,  the 
wavelenqth  of  the  incident  photons  to  detect  photons 
scattered  by  the  irradiated  molecules.  In  theory,  a 
given  molecule  will  produce  only  a  limited  number  of 
specific  spectra. 

PROJECT  HISTORY 

Throuqh  the  use  of  USAF  School  of  Aerospace  Medicine  lab 
director's  funds  and  support.  Dr.  John  Taboada,  working 
in  the  Clinical  Sciences  Division  of  the  School  of 
Aerospace  Medicine,  developed  a  research  program  and 
experimental  facility  to  investigate  the  laser-Raman 
spectroscopy  of  molecules  in  living  systems.  Dr 
Taboada 's  studies  of  molecules  and  cells  using  Raman 
spectroscopy  is  intended  to  provide  semi-  or  non-invas- 
ive  diagnostic  techniques  for  clinical  testinq,  improv¬ 
ing  clinical  diagnosis  of  Air  Force  personnel  and  moni- 
torinq  the  suitability  of  Air  Force  personel  to  perform 
their  tasks. 

The  promise  of  laser  Raman  spectrometry  in  carrying  out 
this  intent  is  evident  from  existinq  literature  (1-4) 
and  from  preliminary  published  and  unpublished  experi¬ 
ments  conducted  by  Dr.  Taboada  and  me  (5).  Since  the 
summer  of  1983,  Dr.  Taboada  and  I  were  involved  in 
developing  several  aspects  of  the  laser  Raman  technique. 
The  object  of  my  summer  1983  collaboration  with  Dr. 
Taboada  was  to  determine  whether  cultured  normal  and 
neoplastic  mammalian  and  human  cell  types  produced  Raman 
spectra  and  whether  these  spectra  were  modified  by  exo¬ 
genous  stimulants.  Since  I  was  familiar  with  properties 
of  the  Y-l  mouse  adrenal  tumor  cell  line  and  its  special 
culture  conditions,  we  beqan  the  studies  with  these 
cells.  Cultured  steroid  producing  cells  can  be  used  for 
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studying  the  internal  and  external  conditions  affecting 
steroid  production,  and  Raman  spectra,  because  the  in¬ 
tracellular  molecules  and  steos  involved  in  steroidogen¬ 
esis  are  relatively  well  defined. 

RESEARCH  BACKGROUND  AND  PROPOSED  EXPERIMENTS 

From  1983  through  the  present,  the  author  of  this  final 
report  was  funded  by:  two  AFOSR/SCEEE  RISE  grants,  a 
contract  from  the  AFOSR/Utah  Consortium  for  Biotechnol¬ 
ogy  Research,  and  two  SCEEE  summer  research  fellowships. 
Each  of  these  grants  and  fellowships  contributed  to  the 
development  of  procedures  designed  to  insure  that  laser 
Raman  data  acquisition  from  living  mammalian  cells  would 
be  valid.  The  RISE  proposals  provided  funds  for  sup¬ 
plies,  technicians,  and  equipment  with  which  methods  for 
preparing  and  examining  cell  samples  in  the  Raman  spec¬ 
trometer  could  be  optimized.  The  Utah  consortium  con¬ 
tract  provided  funds  for  equipment  to  be  used  to  rapidly 
and  accurately  determine  cell  numbers,  to  determine 
division  cycle  times  of  the  cultured  cells  being  exam¬ 
ined  by  spectrometry  and  to  develop  methods  for  examin¬ 
ing  purified  molecules  that  are  characteristic  of  cul¬ 
tured  adrenal  cells.  Although  these  methods  and  the 
equipment  were  used  to  acquire  additional  Raman  data 
during  the  1984  AFOSR/SCEEE  summer  research  fellowship, 
certain  questions  remained  unanswered;  these  were  the 
subject  of  the  investigations  conducted  using  1984-85 
RISE  grant  funds. 

II.  RESULTS 

In  this  report  the  previous  findings  obtained  using  a 
mouse  adrenal  tumor  cell  line,  Y-l,  and  a  human  neoplas¬ 
tic,  res  iratory  tract,  fibroblast  cell  line,  HEp-2,  are 
summarized;  remaining  questions  still  needing  investiga¬ 
tion  for  that  particular  facet  of  our  work  are  then 
indicated;  the  experimental  protocols  used  to  investi¬ 
gate  that  question  are  described;  and  the  results  are 
then  presented. 

1.  I  initially  proposed  in  the  1983  RISE  application 
that  the  use  of  cell  suspensions  for  Raman  spectroscopy 
could  be  avoided  if  cells  grown  on  coverslips  were 
inverted  over  a  welled  microscope  slide  containing  HBSS. 
This  proposal  proved  to  be  impractical  because  it  neces¬ 
sitated  focusing  the  incident  laser  beam  within  a  single 
cell.  An  alternative  method  suggested  by  Dr.  Taboada 
involved  "tunneling"  the  laser  beam  into  the  edge  of  a 
microscope  slide  to  which  cells  were  attached,  the  beam 
caroms  from  surface  to  surface  down  the  slide  and  stokes 
and  anti-stokes  wavelengths  emitted  from  contacted  cells 
on  the  slide  surface  are  scanned  by  the  photon  detector. 
Determining  practicality  of  Dr.  Taboada 's  "tunneling" 
procedure  must  still  be  tried.  Cells  grown  in  steri- 
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lized  microscope  slide  wells  will  be  covered  and  posi¬ 
tioned  in  the  laser  beam.  Special  slide  holders  with 
adjusting  micrometers  were  required  to  allow  us  to  in¬ 
troduce  the  beam  into  the  slide  end.  These  holders  were 
to  be  fabricated  at  Brooks  APB.  To  date,  I  have  not 
received  information  regarding  their  status. 


TABLE  I 

COULTER  COUNTER  SIZING  OP  HEp-2  AND  Y-l  CELLS 


RUN 

7-10 

10-13* 

HEp-2 

13-15 

15-20 

20-25 

1 

1.67 

16.25** 

10.01 

9.92 

0.33 

2 

3.14 

15.89 

11.54 

11.91 

1.69 

3 

1.42 

15.92 

8.97 

10.52 

0.87 

4 

1.01 

17.22 

9.21 

9.99 

0.99 

Y-l 

RUN 

7-10 

10-13 

13-15 

15-20 

20-25 

1 

3.76 

11.89 

13.88 

4.79 

1.01 

2 

1.12 

8.39 

10.58 

2.12 

0.21 

3 

1.10 

12.89 

12.32 

3.51 

0.89 

4 

2.43 

9.35 

13.18 

4.80 

1.23 

*  Counts  for  particles  whose  diameters 
(in  microns)  fall  within  this  range. 

Space  limitations  prevent  including 
standard  errors  of  the  mean;  all 
counts  were  statistically  valid. 

**  X  10-5  particles. 

attempts  were  made  using  the  Coulter  counter  purchased 
with  Utah  consortium  funds  to  verify  fragmentation  and 
clumping  results  for  HEp-2  cells,  and  extend  this  data 
to  Y-l  cells.  As  understanding  of  counter  operations 
improved,  we  also  attempted  to  establish  approximate 
cell  diameters.  By  resetting  the  count  discriminators 
to  detect  larger  and  larger  particles  after  each  count, 
we  expected  that  fragment  and  clump  counts,  and  cell 
size,  could  be  inferred.  Data  concerning  very  small 
fragments  and  cell  size  was  inconclusive.  Purther  ex¬ 
periments  were  required  to  determine  fragment  counts  and 
refine  cell  diameter  ranges.  Using  the  Coulter  counter, 
these  experiments  confirmed  existing  data  on  Y-l  and 
HEp-2  cell  fragment  counts  and  refined  cell  diameter 
ranges  (Table  I).  These  studies  conducted  at  Meharry 
Medical  College  using  the  previously  purchased  Coulter 
counter  showed  that:  (a)  only  a  relatively  small  number 


of  cell  fragments  (<  10  microns  in  diameter)  were  assoc¬ 
iated  with  HEp-2  and  Y-l  cell  suspensions;  (b)  since 
relatively  few  HEp-2  and  Y-l  cell  counts  were  recorded 
in  the  15-25  micron  range,  this  suggests  that  there  were 
few  cell  clumps;  (c)  maximum  counts  were  observed  in  the 
10-13  micron  range  for  HEp-2  cells;  and  (d)  Y-l  cells 
diameters  appeared  to  be  less  uniform  because  maximum 
numbers  were  detected  in  a  10  to  15  micron  range  (with 
slightly  more  cells  measured  in  the  13-15  micron  range). 

3.  Since  beginning  our  studies,  we  have  been  concerned 
about  long-term  laser  irradiation  effects  on  a  suspended 
cell.  In  previous  studies  beam  effects  on  cell  mortali¬ 
ty  were  determined  by  counting  live/dead  cells  before 
and  after  Raman  spectrometry..  These  were  negligible. 
Laser  effects  on  physiological  parameters  such  as  ster¬ 
oidogenesis,  remain  to  be  determined.  We  proposed  car¬ 
rying  out  these  experiments  at  Brooks  APB,  however.  Dr. 
Taboada  has  not  completed  renovation  of  the  Raman 
spectrometer;  he  has  been  having  difficulty  resilvering 
mirrors.  Control  cells  and  cells  exposed  to  various 
laser  wavelengths  during  a  standard  scanning  run  were  to 
be  divided  into  two  equal  samples  with  each  being  incu¬ 
bated  thirty  minutes.  One  sample  was  to  be  incubated 
with  10  milliunits  of  ACTH,  the  other  would  serve  as 
control.  Since  a  laser  tuned  to  the  wavelengths  assoc¬ 
iated  with  cytochrome  emissions  might  have  affected 
steroid  production,  we  would  have  expected  to  observe 
reduced  steroidogenesis  if  these  experiments  could  have 
been  completed. 

4.  To  explain  high  levels  of  Raman  spectral  activity 
obtained  from  HEp-2  and  Y-l  cells  during  my  1983  summer 
research  fellowship,  I  suggested  metabolic  and  cell 
surface  activities  as  sources  of  these' spectra  aid  Dr. 
Taboada  felt  that  mitosis  might  be  an  alternative  source 
of  this  activity.  To  conduct  these  evaluations,  time- 
lapse  videotaping  capabilities  was  needed  for  the  inver¬ 
ted  Nikon  microscope  which  was  obtained  for  me  by  the 
Utah  consortium.  Time-lapse  videomicroscopy  can  estab¬ 
lish  both  cycle  time  between  mitoses  and  cell  surface 
activity.  Several  factors  (insufficient  image  magnifi¬ 
cation  and  illuminating  intensity,  and  lack  of  a  sensi¬ 
tive  videocamera  and  a  time-lapse  videotape  recorder) 
previously  prevented  us  from  obtaining  data  related  to 
the  above  goal.  Although  we  were  able  to  obtain  a  lens 
with  sufficient  enlargement  capabilities  and  we  pur¬ 
chased  an  illuminator  with  sufficient  intensity  to  pro¬ 
vide  adequate  contrast,  sufficient  funds  to  purchase  a 
sensitive  videocamera  and  videotape  recorder  capable  of 
time-lapse  operation  were  not  available.  Experiments 
to  clarify  the  involvement  of  cell  surface  activity  and 
mitosis  in  Raman  activity  were  therefore  not  conducted 
at  Meharry  Medical  College. 
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5.  Because  differentiated  cellular  function  depends  on 
large  concentrations  of  certain  unique  intracellular 
molecules,  in  previous  experiments  we  obtained  prelimi¬ 
nary  suggestions  that  characteristic  Raman  spectra  are 
produced  by  intracellular  HEp-2  or  Y-l  molecules  irrad¬ 
iated  with  a  laser  beam  tuned  to  one  of  several  wave¬ 
lengths.  Using  514  and  488  nm,  data  obtained  from  both 
cell  lines  was  encouraging  but  inconclusive  because  of 
insufficient  replication. 

We  also  used  ATP  as  one  of  the  stimulants  of  514  nm 
irradiated  HEp-2  cells;  this  stimulant  produced  interes¬ 
ting  effects  on  spectra  when  used  in  the  summer  of  1983 
(5).  Eventhough  ATP  was  only  used  once  this  summer  as  a 
HEp-2  treatment,  we  were  unable  to  repeat  previous  re¬ 
sults  for  reasons  that  are  unclear.  We  also  used  cAMP  as 
a  stimulant  of  514  nm  irradiated  HEp-2  cells.  Our  use 
of  cAMP  as  a  stimulant  resulted  from  information  sugges¬ 
ting  that  dibutyryl  cAMP  was  used  to  decrease  the  yield 
of  Herpes-Simplex  1  virus  particles  released  from  inoc- 
culated  HEp-2  cells  (6).  Although  our  cells  were  unin- 
occulated,  we  used  the  precedence  of  this  work  to  guide 
ours.  In  two  replications,  no  repeat  events  were  assoc¬ 
iated  exclusively  with  cAMP;  this  was  too  few  repli¬ 
cates  to  sustain  any  conclusions  about  this  work. 
Although  we  intended  to  repeat  each  of  these  experiments 
several  times  more  to  obtain  information  about  "signa¬ 
ture"  emissions  by  HEp-2  cells  and  about  ATP  and  cAMP 
effects,  lack  of  an  operating  laser  Raman  spectrometer 
prevented  completion  of  these  experiments.  Similarly, 
the  cytochrome  response  of  HEp-2  cells  to  irradiation  at 
476.5  and  488  nm  also  needed  to  be  investigated  because 
literature  studies  indicated  that  HEp-2  cells  irradiated 
with  6.5  mm  radiowaves  of  1  mW/cm2  flux  density  reduced 
cytochrome  oxidase  and  NAD-  and  NADP-diaphorase  activi¬ 
ties  (7).  Since  radar  effects  on  operating  personnel  is 
one  concern  of  the  Air  Force,  such  a  study  might  have 
proved  to  be  a  valuable  tool  in  evaluating  radar  ef¬ 
fects.  Again,  lack  of  an  operating  Raman  system  pre¬ 
vented  us  from  conducting  these  studies. 

6.  in  experiments  conducted  during  the  summer  of  1984, 
two  repeated  emissions  by  intracellular  molecules  were 
obtained  from  two  cAMP-treated  Y-l  replicates  irradiated 
with  514  nm.  Whether  these  events  result  from  cAMP 
treatment,  or  characteristic  emissions  of  the  Y-l  ad¬ 
renal  cell,  was  uncertain.  Since  control  cells  were  only 
scanned  once,  these  results  were  also  inconclusive.  All 
events  associated  with  a  single  treatment  component  will 
continue  to  be  inconclusive  if  they  occur  during  scan¬ 
ning-time  for  another  event  because  the  present  spectro¬ 
photometer  is  still  not  completely  converted  to  detect¬ 
ing  a  large  number  of  events  simultaneously.  In  the 
1984  experiments  there  were  too  few  replicates  to  draw 
conclusions  about  "signature"  molecules  in  Y-l  cells 


irradiated  at  514  run.  These  experiments  could  not  be 
repeated  at  Brooks  APB  because  the  laser  spectrometer  is 
no  longer  operable  nor  have  Raman  spectrometer  modifica¬ 
tions  permitting  detection  of  a  larger  number  of  events 
in  one  scan  been  completed. 

7.  In  the  1984  experiments  we  detected  no  repeated  emis¬ 
sions  by  intracellular  molecules  in  cAMP-treated  Y-l 
cells  irradiated  at  488  nm.  Lack  of  replication  of  this 
cAMP  treatment  prevents  conclusions  from  beinq  drawn.  As 
discussed  previously,  events  that  were  noted  only  in 
controls  may  occur,  but  be  missed,  during  scanning.  In 
addition,  the  existing  three  replications  of  the  experi¬ 
ment  did  not  seem  sufficient  to  draw  conclusions  about 
common  cellular  events,  although  it  was  interesting  that 
a  limited  number  of  events  common  to  both  treatments 
were  observed  during  those  experiments.  In  particular, 
any  events  encompassing  a  range  of  6  -  8  wave  numbers 
might  represent  characteristic  Y-l  cell  molecular  emis¬ 
sions  after  irradiation  at  488  nm.  More  replication  was 
required  to  verify  those  possibilities.  Lack  of  a  func¬ 
tioning  laser  Raman  spectrometer  prevented  further  rep¬ 
lication  of  our  observations  during  the  period  of  this 
grant. 

8.  The  1984  experiments  using  Y-l  cells  irradiated  at 
476.5  nm  involved  runs  repeated  on  the  same  sample, 
runs  on  different  samples,  and  a  run  on  a  sample  pool  of 
three  different  cell  generations.  Rigid  criteria  were 
established  to  judge  events.  These  criteria  included: 
the  occurence  of  only  a  few  events  per  treatment  cate¬ 
gory,  the  repetition  of  an  event  in  at  least  50%  of  the 
replicates,  a  relatively  narrow  range  of  wave  numbers  in 
an  event,  and  the  appearance  of  a  given  event  in  >  3 
treatments.  Because  of  the  number  of  runs  on  these 
different  Y-l  samples  and  the  use  of  rigid  judgements  in 
designating  valid  events,  emissions  that  were  recorded 
in  these  experiments  may  be  considered  characteristic  of 
the  various  control  Y-l  cell  treatment  components  at 
476.5  nm. 

Data  obtained  using  these  criteria  suggested  that  rela¬ 
tively  large  concentrations  of  unique  intracellular 
molecules  can  produce  characteristic  Raman  signatures 
for  a  particular  cell  type.  Detection  of  476.5  nm- 
stimulated  emissions  appeared  to  be  improved  if  a  paral¬ 
lel  polarizer  was  inserted  between  sample  and  detector 
to  minimize  background  fluorescence. 

Non-polarized  emissions  from  controls  appeared  in  a 
narrow  event  range  in  50%  of  the  replicates  at  three 
different  wave  numbers,  £50%  of  the  polarized  control 
cell  emissions  were  associated  with  seven  narrow  range 
events,  and  only  three  events  were  narrow  range  in  44% 
of  the  control  replicates  regardless  of  polarity.  In 


response  to  cAMP  stimulation,  Y-l  cells  seemed  to  pro¬ 
duce  few  emissions,  regardless  of  polarity,  differing 
from  those  of  control  cells.  However,  a  single  non¬ 
polarised  relatively  narrow  range  emission  recorded  in 
the  combined  control/cAMP-treated  cell  data  was  repli¬ 
cated  in  50%  of  the  runs.  Polarization  improved  stimu¬ 
lated  event  detection  in  the  control/cAMP-treated  cells; 
six  relatively  narrow  range  events  were  detected  in  50% 
or  more  of  the  replicates.  The  relatively  large  number 
of  replications  available  by  pooling  data  from  all 
treatment  components  revealed  that  sixteen  relatively 
narrow  range  emissions  occurred  >50%  in  three,  or  four, 
of  the  components;  one  of  these  (720-1-3-4-8-30)  was 
replicated  eleven  out  of  fourteen  times. 

The  476.5  wavelength  produced  what  appeared  to  be  sever¬ 
al  characteristic  Y-l  emissions  at  480,  600,  900,  970, 
1010,  1060,  1650,  and  1750;  these  emissions  are  analo¬ 
gous  to  476.5  nm  irradiated  carotenoid  and  heme  protein 
emissions  (8).  Although  two  other  wave  numbers  were 
also  associated  with  these  molecules  (1330  and  1430), 
events  at  these  wave  numbers  were  cancelled  by  water 
scan  background  events.  If  water  events  at  1335  were 
disregarded,  six  out  of  fourteen  events  would  be  record¬ 
ed.  Similarly,  1418  and  1438  +5  water  events  cancelled 
three  events  centering  around  1430.  Carotenoids  and 
cytochromes  irradiated  at  488  nm  emit  at  wave  numbers  of 
1040,  1300,  and  1460  (8). 

It  must  be  noted  that  most  mammalian  cells  iji  vivo  and 
in  vitro  are  unable  to  synthesize  carotenoids  and  their 
derivatives;  they  are,  however,  able  to  absorb  them  from 
their  nutrients  (9).  Vitamin  A,  a  carotenoid,  is  stored 
in  intracellular  adrenocortical  lipid  droplets  (10,  11). 
Rats  deficient  in  vitamin  A  show  reduced  rates  of  gluco¬ 
corticoid  production,  probably  due  to  failure  of  deoxy¬ 
corticosterone  to  be  hydroxy lated  to  the  glucocorticoid, 
corticosterone  (12,  13).  The  Eagle's  minimum  essential 
medium  with  Earle's  salts  used  in  culturing  Y-l  adrenal 
cells  did  not  contain  carotenoids  (Gibco  catalog,  Palo 
Alto,  CA).  Whether  these  molecules  could  be  absorbed 
from  the  serums  used  in  their  maintenance  was  unknown 
until  recently.  Now  information  regarding  the  major 
constituents  of  serums  is  available;  HyClone  Laborator¬ 
ies  (Logan,  Utah)  indicates  that  their  fetal  bovine  and 
horse  serums  contain,  respectively,  a  total  of  209  and 
233  ng/100  g  serum  of  these  carotenoids;  retinoic  acid, 
retinyl  palmitate,  retinyl  acetate,  retinol  and  caro¬ 
tene.  In  the  summer  of  1984,  there  was  some  uncertainty 
that  Y-l  cells  could  have  absorbed  carotenoids  from 
their  incubating  medium  because  we  used  fetal  bovine  and 
horse  serum  from  KC  Biological  (Lexina,  Kansas).  In  our 
report  we  suggested  that  serums  from  different  commer¬ 
cial  sources  should  not  differ;  we  have  now  consulted 
with  KC  Biologicals  and  confirmed  that  their  serums  do 


contain  a  carotenoids,  in  1984  we  observed  that  adrenal 
cells  contain  larqe  concentrations  of  various  cyto¬ 
chromes  ,  flavo-  and  heme  proteins,  includinq  cytochromes 
a,  a3,  b,  b5,  c,  cl,  side-chain  cleavaqe,  11  beta  and  21 
beta  P-450s,  P-420,  adrenodoxin,  flavoprotein  and  non¬ 
heme  iron  (14,  15).  These  iron-containing  proteins  are 

used  in  the  synthesis  of  steroid  hormones,  or  to  provide 
energy-containing  compounds  for  viability  and  steroid 
synthesis  (16).  Concentrations  for  a  few  bovine  adrenal 
mitochondrion  and  microsome  heme  proteins  represent  a 
total  of  151  nanomoles  heme  protein/mg  protein  may  exist 
in  a  bovine  adrenal  cell.  While  similar  figures  do  not 
exist  for  Y-l  adrenal  cells,  the  bovine  concentrations 
may  be  extrapolated  using  the  conversion  factor:  0.6 
nanograms  protein/mouse  adrenal  cell  (17).  In  our 
experiments  we  routinely  used  1.2  million  cells;  our 
sample,  therefore,  had  approximately  108.7  total  nano¬ 
moles  heme  protein.  At  the  time  of  our  1984  proposal  we 
suggested  that  Y-l  cells  would  be  useful  as  models  both 
for  studying  carotenoids  and  for  examining  laser  Raman 
spectra  associated  with  iron-containing  compounds. 

To  further  study  phenomena  identified  durinq  the  1984 
summer  experiments,  techniques  for  enriching  cellular 
carotenoids  in  Y-l  and  HEp-2  cells  were  to  be  used  to 
examine  effects  on  signature  spectra.  Vitamin  A  or 
other  carotenoids  would  be  dissolved  in  organic  solvents 
and  dried  onto  Diatomaceous  sands  in  order  to  provide 
large  surface  areas  coated  with  the  carotenoids.  Di¬ 
atomaceous  sands  would  then  be  incubated  with  cell  cul¬ 
ture  serums  at  37°  C  for  three  hours,  centrifuged  to 
remove  the  sand,  filter  steralized,  then  added  to 
Eagles'  minimum  essential  medium  for  incubation  with 
HEp-2  or  Y-l  cells.  Following  enriched,  or  non-en- 
riched,  cell  stimulation  with  cAMP  or  ACTH ,  control  and 
stimulated  cells  or  their  subcellular  components  were  to 
be  chloroform/methanol  extracted  and  carotenoids  in  the 
extracts  were  to  be  identified  using  high  pressure 
liquid  chromatoqraphy  (HPLC).  Although  cells  were  incu¬ 
bated  using  the  above  protocol  and  extracted,  HPLC  could 
not  be  performed.  A  special  column  is  required  for  this 
type  of  chromatoqraphy;  after  we  completed  extraction 
and  attempted  to  purchase  this  column  in  June  1985,  we 
found  that  our  budget,  representing  the  first  $9000  sent 
to  us  by  SCEEE,  was  exhausted.  SCEEE  did  not  provide 
the  paper  work  indicating  we  had  recieved  the  remaining 
$3000  of  our  $12,000  grant  until  the  second  week  of 
November.  We  have  ordered  the  column  and  are  awaitinq 
its  arrival  to  complete  our  experiments. 

Experiments  to  be  conducted  at  Brooks  APB  using  cyto¬ 
chrome  inhibitors  which  bind  (aminoglutethimide,  metapy- 
rone  or  aniline)  or  poison  (carbon  monoxide  or  cyanide) 
cytochromes  could  not  be  completed  because  a  spectro¬ 
meter  was  not  available. 


For  the  same  reason  we  could  not  investigate  HEp-2  cell 
cytochrome  response  to  irradiation  at  476.5  and  488  nm 
eventhouqh  literature  studies  indicated  that  these  cells 
irradiated  with  6.5  mm  radiowaves  of  1  mW/cm2  flux 
density  reduced  cytochrome  oxidase  and  NAD-  and  NADP- 
diaphorase  activities  (7).  Since  one  of  the  Air  Force 
concerns  is  for  personnel  exposed  to  radar,  HEp-2 
treated  according  to  the  preceding  protocol  might  have 
provided  valuable  insight  into  this  area. 
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INTRODUCTION 

This  is  a  study  of  the  relationship  between  family  stress  an" 
job  performance  in  the  Air  Force.  There  is  an  emphasis  in  this 
scudy  that  differentiates  it  from  most  previous  studies  of  military 
family  stress.  That  emphasis  is  upon  the  effects  of  family  stress 
on  work  attitudes  and  behavior.  Most  of  the  orevious  research  has 
focused  on  the  influence  of  being  in  the  military  upon  the  familv. 

One  potentially  important  effect  that  does  not  appear  to  have  been 
studied  at  ail  is  the  possible  influence  of  family  stress  on 
occupational  commitment  and  job  involvement.  Work  and  family  are 
typically  not  separate  and  isolated  arenas.  Therefore,  it  seems 
reasonable  to  expect  that  marital  stress  would  influence  level  of 
commitment  to  work  and  as  a  result,  would  affect  occupational  role 
performance  and  even  the  decision  to  stay  on  the  job.  This  study 
includes  an  analysis  of  factors  that  affect  self -investment  in  work 
of  Air  Force  Personnel,  including  family  related  seres;. 

Stress  in  dual  career  families  often  results  from  the  fact  that, 
in  order  to  stay  together,  one  spouse  must  change  jobs  if  the 
other's  career  requires  movement  from  one  geographic  area  to  another. 
This  is  likely  to  be  an  especially  difficult  problem  for  military 
families  because  of  the  frequency  of  moves  among  posts.  The  purpose 
of  this  study  is  to  examine  the  ways  in  which  family  stress  generated 
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by  the  career  problems  of  their  wives  influence  the  work  orientation 
and  job  performance  of  Air  Force  Personnel. 

The  data  for  the  research  was  secured  by  interviewing  one 
hundred  men  in  the  Air  Force  from  dual  career  families  at  Keesler 
Air  Force  Base  in  3iloxi.  Mississippi.  The  names  were  randomly 
picked  from  a  list  of  ail  married  men  at  Keesler  whose  wives  were 
employed  at  the  time  of  the  study.  The  interviews  were  done  bv 
appointment  in  a  private  office  on  the  Base.  The  interviews  were 
conducted  by  two  professionally  trained  interviewers.  A  pretest 
of  the  interview  schedule  was  conducted  with  10  male  Air  Force 
Personnel  at  Keesler. 

Information  was  collected  in  the  interviews  regarding  level  of 
stress  resulting  from  dual  career  families  which  was  the  independent 
variable.  The  interview  schedule  also  included  measures  of  self- 
investment  in  work  and  self-perceived  occupational  role  performance 
which  were  the  dependent  variables.  There  were  also  variables  which 
the  researcher  assumed  mightinfiuer.ee  the  relationship  between  famii 
stress  and  the  hypothesized  work-related  outcomes  of  such  stress. 
Examples  were  age,  career  stage,  military  occupational  speciality, 
and  stress  tolerance.  A  major  focus  of  this  report  is  upon  the  way 
in  which  the  nature  and  level  of  one's  job  influences  the  relation¬ 
ship  between  family  stress  and  job  performance. 

This  research  was  sponsored  by  the  United  States  Office  of 
Scientific  Research  and  subcontracted  by  the  Southeastern  Center  for 
Electrical  Engineering  ^SCEEE)  and  Jackson  State  University.  The 
proposal  was  developed  while  the  researcher  served  as  a  198J  Summer 
Facultv  Research  Fellow, 
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CHARACTERISTICS  OF  THE  SAMPLE 


The  largest  proportion  of  the  sample,  eighty-four  percent, 
entered  the  Air  Force  as  basic  enlistees.  Only  13  of  the  sample 
entered  che  Air  Force  as  commissioned  officers;  3  were  First 
Lieutenants  and  13  were  Second  Lieutenants.  Our  sample  had  been 
in  che  Air  Force  an  average  of  15  years  with  a  range  from  3  to  30 
years.  The  age  ranged  from  21  to  52  years.  The  highest  rank  among 
the  persons  interviewed  was  a  Colonel  and  the  lowest  a  Staff 
Sergeant . 


TABLE  1 


RESPONDENTS'  EDUCATION 


Education _ 

High  School 
Some  College 
College  Degree 
Masters  Degree 
Post  Masters 
Ph.D  . 

M.D , 

Total . 


25.0 

40.0 

21.0 

4.0 

7.0 

1.0 

2.0 


Table  1  gives  the  breakdown  of  the  educational  level  of  the 
sample.  The  categories,  "1  year  of  college,"  "2  years  of  college" 
and  "3  years  of  college"  were  collapsed  into  one  category  -  "some 
college.”  This  was  the  largest  category  with  40  respondents  having 
this  amount  of  education.  Twenty-five  respondents  were  high  school 
graduates;  21  were  college  graduates;  4  had  obtained  a  masters  degree; 
7  had  post  master  training;  1  had  a  Ph.D.  and  there  were  2  medical 
doctors  included  in  the  sarr.Dle. 
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The  resrcr.dencs  wera  as»<e d  "  lisr  :r.eir  specific  job  "irles 
given  no  them  bv  the  Air  Force.  The  result  of  this  probe  -as 
-tscmg  to  20  coooarent  j  sc  levels.  7 or  arsl"tccal  ouroose,  one 
2co  levels  vers  collapses  into  2  levels  or.e  vas  a  nanasercal 
c  professional  level  ar.d  the  ocher  a  clerical  end  technical  lave 


Job  t 


3 

9 

10 


13 


16 

17 

13 

19 

26 
2 1 
o  2 

23 

'I  > 

25 

25 

23 


les  include: 

Instructor 

Micro-bit  legist 

Chief  or  Computer  Maintenance 

Supervisor  Work  Center 

Public  Affairs  Specialists 

Inspector  General 

Lab  Technician 

Computer  Technician 

Airmen  Performance  Reporter 

Satelite  Communication  Technician 

Director  of  Information  Systems  Doctine  Office 

Deputy  Base  Commander 

Staff  Racitation  Physist 

Executive  Officer 

Operation  Officer  (Communication) 

Chief  of  Security  (Police) 

Legal  Service  Technician 
Discharge  Case  Worker 
Personnel  System 
Documentation  Clerk 
Transportation  Specialist 
Flight  Supervisor 
Administrative  Specialist 
Air  Traffic  Controller 
Computer  Operator 

Chief  or  Training  Evaluation  Division 
Assignment  Clerk 
Documentation  Clerk 
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EDUCATION  AND  EMPLOYMENT  OF  WIVES 


The  following  Table  shofeG  Che  level  of  education  obtained  by 
the  respondents  wives.  Most  of  the  wives  had  at  least  a  high 
school  education,  25  percent  had  some  college,  11  percent  had  a 
college  degree,  16  percent  had  a  masters  degree,  and  4  percent 
had  some  post  graduate  education, 

TABLE  2 


EDUCATIONAL  LEVEL  OF  WIVES 


Less  than  High 

School .  8  8 

High  School  ...  36  36 

Some  College  ...  25  25 

College  Degree  .  .  11  11 

Master  Degree.  .  .  16  16 

Post  Masters  ...  4  4 


Table  3  shows  the  types  of  jobs  held  by  the  wives  of  the  men 
interviewed.  Table  3  shows  the  majority  of  the  wives  were  employed 
as  clerical,  20  percent  as  teachers,  19  percent  nurses,  7  percent 
social  workers,  13  percent  in  private  business,  and  6  percent  were 
factory  workers.  The  respondents  were  asked  if  their  wives'  present 
job  was  the  one  she  had  most  of  the  time  and  94  percent  said  that 
it  was.  They  were  also  asked  if  they  thought  that  the  job  pre¬ 
sently. held  by  their  wife  was  one  she  planned  to  stay  in  until 
she  retired  and  56  percent  answered  affirmative!'/. 


TABLE  3 


EMPLOYMENT  OF  WIVES 


Private  Business 
Clerical  .  .  . 

Teacher  .  . 

Nurse  .  .  .  . 
Social  Worker.  . 
Factory  Worker  . 
Total  .... 


Because  we  are  concerned  with  family  stress  resulting  from 
the  wife’s  work  experience  ,  the  level  of  job  satisfaction  of 
the  wife  is  an  important  variable.  The  resources  available 
for  the  study  did  not  permit  interviewing  both  husbands  and 
wives  so  the  only  information  we  have  is  the  husband's  report  of 
his  perception  of  his  wife's  job  satis  faction .  This  may  not  be 
a  major  shortcoming  since  the  focus  of  the  study  is  on  family 
stress  and  it  is  unlikely  that  a  level  of  dissatisfaction 
sufficient  to  generate  such  stress  would  go  unnoticed  by  the 
husband.  The  following  table  shows  the  level  of  job  satisfaction 
of  wives  as  oerceived  bv  the  resoondents  in  this  studv. 


TABLE  '■* 

WIVES'  JOB  SATISFACTION  AS  PERCEIVED  3Y  HUSBAND 


Level  of  Satisfaction 


Very  Satisfied  .... 
Somewhat  Satisfied  .  . 
Neither  Satisfied  nor 
dissatisfied  .... 
Somewhat  dissatisfied 
/erv  Dissatisfied  . 


The  respondents  were  also  asked  whether  they  thought  that 
moving  from  one  base  to  another  made  it  difficult  for  their  wives 
to  find  jobs.  Sixty-two  percent  answered  "yes"  to  this  question. 
Table  5  shows  the  response  to  a  follow-uo  question  asking  how 
often  this  problem  was  experienced.  It  is  clear  from  these  data 
that  a  substantial  proportion  of  wives  is  dual  career  —  Air  Force 
families  have  orobleuis  of  this  kind. 


TA3LS  5 

REPORTED  DIFFICULTY  OF  WIVES  FINDING  JOBS 


Frequency  of  Occurrence 
of  Difficult-/ 

No. 

' o 

Always  . 

...  28 

28 

Most  of  the  Time  . 

22 

22 

Sometimes  . 

...  ii 

11 

Hardly  Ever  ....... 

...  10 

10 

Not  ADolica'ole . 

...  29 

29 

Totals  . 

...  loo 

100 

m 
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EFFECTS  OF  FAMILY  STRESS  ON  JO 3  PERFORMANCES 

A  series  of  ques cions  were  asked  that  were  intended  to  find 
out  if  the  respondents  saw  any  effect  of  family  stress  on  how 
veil  they  performed  their  jobs.  The  questionnaire  items  were 
in  the  form  of  statements  with  which  the  respondents  were  asked 
to  agree  or  disagree.  The  responses  to  these  items  show  that 
many  of  the  Air  force  Personnel  are  aware  of  problems  of  this  s 
Table  6  retorts  these  data. 


TABLE  6 

FAMILY  STRESS  AND  JOB  PERFORMANCE 


1  Neither  | 

j  Agree  nor  | 

j  Strongly 

1  3* 

Aaree 

! Disagree  1 

Disagree 

Disagree 

Totals 

Worrying  about 
things  at  home 
sometimes  keep  me 
from  doing  as 
good  a  30b  as  I 
could"  . 

"I  often  think 
about  problems  at  j 
come  when  I  am  at  ! 
work" . 

"My  wife  is  happy 
that  I  am  m  the 
Air  Force."  .  . 

"The  necessity  to 
move  frequently 
from  one  base  to 
another  causes 
tension  between  my 
wife  and  me."  .  .  1 


17  27  13 


17  17  27  27  '  41 


37  37 


21  15 


42  11 


41  .  1 


31  31  14  14 


"My  ;ob  often 
interferes  with 


"/V 

,  •  i*  m 


Additional  evidence  regarding  a  potential  influence  of  famil" 
stress  on  job  performance  is  provided  by  data  collected  on  self 
investment  in  work.  Self  investment  in  work  refers  to  the  level  of 
commitment  to  work  based  on  the  effect  of  work  on  one’s  seif 
esteem.  Evidence  from  previous  research  indicates  that  there  is 
a  wide  range  in  the  extent  to  which  occupational  achievement  affec 
self-esteem.  It  seems  reasonable  to  expect  a  relationship  between 
level  of  commitment  to  work  and  level  of  job  performance:  persons 
with  a  high  level  of  self  investment  in  work  snouid  have  higher 
levels  of  occupational  achievement.  If  family  stress  affects 
self  investment  in  work,  it  may  also  affect  job  performance.  The 
following  table  reports  the  relationship  between  an  item  measuring 
family  stress  and  one  measuring  self  investment  in  work. 

TABLE  7 

FAMILY  STRESS  AND  WORK  COMMITMENT 


Work  Commitment  Item: 
The  most  important 
things  that  happen  to 
me  involve  mv  job." 


Family  Stress:  "I  often 
think  about  problems  at  home 

when  I  am  at  work-" _ 

Agree  ]  Disagree 

o  . 


Totals 


Agree  . 

...  IS 

64.: 

Disagree  .... 

...  !  10 

35  .  ■ 

Totals  .... 

.  .  .  l— !3 — 

TWi1.  vZfiV,»v»t*5 
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The  aata  In  ’.able  ?  indicate  a  statistically  significant 
relacionsnic  oecween  family  stress  ana  conmitment  to  work.  This 
relationship  merits  further  study  in  subsequent  analyses  of  the 
data  from  this  research  project  and  in  future  projects. 

3ecause  we  have  data  regarding  both  family  stress  and  perceived 
job  performance,  it  is  also  possible  to  analyze  the  relationship 
oetween  measures  of  these  two  variables.  This  relationship  is 
examined  on  Table  3. 


TA3LE  3 

TAMIL';  STRESS  AND  JOB  PERFORMANCE 


.-ami.v  stress  Item.- 
"T  Often  think  about 
Problems  at  home  vr.en 
I  am  at  work.” 


Job  Performance  Item: 

"The  Person  I  work  for  is  very 
satisfied  with  my  work  oerf ormance . " 


Totals 


!  Agree 

1  No. 

I 

I 

'o 

Disagree 

No .  % 

No. 

■  o 

Agree  . 

.  .  !  Id 

32.6 

53 

93.0 

67 

67.0 

V\j 

>; 

Disagree  .... 

.  .  29 

6  7 .  d 

d 

7.0 

33 

33.0 

Totals  . 

.  .  J3  1 

O0.O  ' 

5  / 

i00".5 

100 

100.0 

.1  —  dQ  .  J  / 


1 


j  =  .05 


According  to  the  data  in  Table  8,  there  is  a  statistically 
significant  relationship  between  family  stress  and  perceived  job 
performance.  This  finding  in  conjunction  with  the  other  data  re¬ 
ported  above  suggests  that  further  analysis  of  this  relationship 
would  be  fruitful.  Additional  analyses  of  data  from  the  present 
study  which  bear  on  this  relationship  are  planned. 
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EFFECTS  OF  JOB  LEVEL 

In  the  process  of  analyzing  data  from  this  study,  an  interesting 
and  unexpected  finding  was  obtained.  There  appears  to  be  a 
systematic  difference  in  the  major  variables  with  which  we  are  con¬ 
cerned  depending  upon,  the  level  and  nature  of  the  respondent's 
job  in  the  Air  Force.  When  responses  of  persons  in  managerial 
and  professional  jobs  are  compared  with  those  of  persons  in  clerical 
and  technical  jobs,  differences  appear  in  both  potential  for  family 
stress  and  in  perceived  job  performance.  This  classification 
corresponds  to  some  extent  with  the  rank  of  the  respondents  and 
rank  may  also  account  for  some  of  the  findings. 


TABLE  9 

FREQUENCY  OF  WIFE'S  DIFFICULTY  IN  FINDING  EMPLOYMENT 


Somewhat 

Satisfied 


Somewhat 

Dissatisfied 


Neither 


I 


In  analyzing  the  variable,  wive ' 3  satisfaction  with  oresent 
job,  it  was  found  that  overall,  43  women  were  very  satisfied  with 
their  present  joos,  while  27  were  reported  by  their  husbands  as 
being  somewhat  satisfied.  Twenty-four  wives  were  retorted  as  being 
indifferent  or  dissatisfied  with  their  present  jobs.  There  was 
a  statistically  significant  relationship  between  job  level  and 
wives'  satisfaction  with  present  job.  Wives  of  Air  Force  oersonnel 
in  managerial  and  professional  positions  were  more  satisfied  than 
were  the  wives  of  the  oersonnel  in  other  oositions. 


W- 


TABLE  11 

LACK  OF  PROMOTION  DUE  TO  JOB  PERFORMANCE 


N  =  99 


=  11.53 


df  =  3 


,01 


'3ecause  of  problems  with  how  I  do  my  job, 

1  be  oromoted  as  soon  as  I  would  like.” 

I  may  not' 

Job  Level 

Agree 

No.  % 

Neither  Agree 

Nor  Disagree 

No. 

Disagree 
No.  % 

Strongly 
Disagree 
No.  \ 

Managerial  and 
Prof ess ional 

1 

] 

2  20 

7  43 

28  51 

12  63 

Clerical  and 
Technical  1 

3  30 

9  57 

27  49 

7  37 

Totals 

i5  100 

16  100 

53  HTO 
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Lack  of  promotion  due  to  job  performance  was  a  variable  examined 
in  this  research.  This  was  measured  through  the  use  of 


to  job  performance,  while 
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Among  managerial  and  professional  respondents  21  strongly 

agreed  that  their  performance  on  the  job  was  better  than  average, 

s 

17  agreed,  7  were  indifferent,  2  disagreed,  and  2  strongly  disagreed. 
However,  11  clerical  and  technical  personnel  strongly  agreed  that 
their  job  performance  was  better  than  average,  and  only  2  strongly 
disagreed , 

The  relationship  between  job  level  and  respondents  rating  their 
job  performance  as  being  better  than  average  was  found  to  be 
significant.  The  pattern  of  this  relationship,  however,  is  not 
altogether  clear.  There  are  substantial  differences  between  the 
proportion  persons  in  the  two  job  levels  who  "strong!-/  agree"  and 
who  "agree"  with  the  assertion  that  their  performance  is  better 
than  average  but  the  differences  are  in  opposite  directions  on 
the  two  response  categories.  Additional  research  may  be  required 
to  explain  the  nature  of  this  relationship. 


TA3LE  13 

SUPERVISORS'  SATISFACTION  WITH  JOB  PERFORMANCE 


'"ho 


Job 

Level 

Strongly  i 
Agree 

No7 

1 

Agree 

No. 

Neither  Agree 
Nor  Disagree 
No.  % 

1 

Disagree 

1  No.  % 

Strongly 

Disagree 

No. 

Managerial  and 
Professional 

i 

-2  -*3  | 

0 

0 

5 

83 

2 

100 

Clerical  and 
Technical 

\  ^ 

i 

46  1 

29  57  | 

; 

4 

100 

1 

17 

0 

0 

Totals 

nr 

100  ! 

5l  ioO 

;  4 

100 

.  6 

100 

i  2 

100 

N  =  ICO 


X~  =9.33 


?  <.05 
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satisfaction  with  job  performance  was  looked  at 


Supervisor  s 

in  reference  to  the  respondents'  view  of  this  variable.  On  the 
managerial  and  professional^level ,  it  was  strongly  agreed  by  20 
(5-  percent)  of  these  persons  that  their  supervisors  were  satisfied 
with  their  job  performance,  while  17  (46  percent)  strongly  agreed 
in  the  clerical  and  technical  positions.  The  level  of  disagreement 
however,  on  both  levels  was  low:  -he  respondents  at  both  levels 
felt  that  their  supervisors  approved  of  their  job  performance.  Thi 
relatior.sh.it  was  found  to  be  significant  at  less  than  the  .35 
level  but  the  nature  of  the  relationship  is  not  clear.  The  manager 
and  professional  personnel  appear  to  have  stronger  opinions  about 
the  views  of  their  supervisors  with  a  higher  percentage  at  both 
ends  of  the  range  on  the  variable.  This  is  the  pattern  that  would 
as  exceeded  anona  cersers  with  higher  self  investment  in  work. 


TABLE  14 

PERFORMANCE  LEVEL  3ETTER  THAN  OTHERS 


anager ta  .. 
and 

rof ess iona 


0 


Respondents  were  asxec  ir  their  joD  performance  on  base  was 
better  than  others.  Table  Id  as  a  compilation  of  those  resoonses. 
The  relationships  between  job  level  and  the  perception  that  one's 
job  performance  level  is  better  than  others  is  not  statistically 
significant.  The  general  pattern  in  the  distribution  of  responses 
.3  smiliar  to  the  preceding  table:  most  of  the  respondents  report 
that  they  are  performing  well  or.  the  job. 


TABLE  15 

EFFECTS  OF  PR03LEMS  AT  HOME  OR  WCRK 


"Worrying  about  things  at  home  sometimes  keeps  me  from 
doing  as  good  a  :ob  as  I  could." 


oo  u^vel 


Strongly 

Agree 


Agree 

No7 


Neither  Agree 
Nor  Disagree 


! Strongly 
Disagree  i  Disagree 


Managerial  and 
Professional 


Clerical  and 
Technical 


It  was  also  assumed  in  this  research  that  worrying  aoout  problems 
at  home  might  hamper  one's  work.  Data  in  Table  15  show  that  at  the 
managerial  and  professional  level,  no  one  strongly  agreed  that  this 
was  a  problem,  while  10  of  the  respondents  strongly  disagreed.  Seven 
of  the  clerical  and  technical  personnel  strongly  agreed  and  only  1 
strongly  disagreed. 

A  significant  relationship  exists  between  respondents'  job  level 
and  a  lowering  of  job  performance  as  a  result  of  worrying  about 
or oo Lems  at  home. 
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GEOGRAPH 


jOd  -avel 


Managerial  and 
Professional 


Clerical  and 
Technical 
Totals 


Y  AS  A  COLES 
r-^v'TT  v  vrvo 


ON  BETWEEN 


j  * r.e  necessity  to  move  rrequently  rrom  one  oase  to 
another  causes  tension  between  av  wife  and  me 


'  ocror.giy 
.  Acree 


Agree 
No.  r. 


-0  13 


19  100 


Neither  Agree  |  Strong ty 

Nor  Disagree  Disagree  |  Disagree 
No.  ”  No.  1  1  No 


20  j  8  -0 


N  =  98 


A  possible  cause  of  stress  at  heme  with  wife  and  family  was  frequent 
moving.  Of  the  total  sample,  over  one  third  sail  that  frequent 
moves  produced  stress  at  home.  This  appears  to  be  a  somewhat  greater 
problem  for  clerical  and  technical  personnel  than  for  managerial 
and  professional  personnel.  A  higher  proportion  of  the  former 
group  than  the  latter  agreed  that  this  was  a  problem  while  managers 
and  professionals  tended  to  disagree  more  often.  This  relationship 
was  statistically  significant  at  less  than  the  .35  level. 
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SUMMARY  AND  CONCLUSIONS 


Previous  research  on  dual  career 


rami lies  indicates  tnat 


frequent  geographic  mobility  required  by  one  spouse's  career 
creates  problems  for  the  other  spouse  that  produce  family  stress. 
There  is  also  research  evidence  showing  that  family  stress  may 
affect  performance  on  the  job.  This  study  contributes  to  this 
body  of  research  by  examining  the  relationship  between  family 
stress  and  job  performance  among  Air  Force  personnel,  whose 
frequent  moves  among  bases  is  especially  likely  to  create  stress 
in  dual  career  families. 

The  daca  show  chat  one-half  of  the  respondents  say  that  their 
wives  were  only  somewhat  satisfied  or,  in  some  measure,  dissatisfied 
with  their  jobs.  Also,  a  substantial  majority  of  the  respondents 
reported  chat  their  wives  had  problems  finding  jobs  as  a  result 
of  the  necessity  of  moving  from  one  base  to  another.  It  is  clear 
that  these  respondents  recognize  that  a  problem  exists  in  this  area. 
The  effect  of  family  stress  on  job  performance  was  also  apparent 
in  the  results  of  this  study. 

One  of  the  major  findings  of  this  study  is  that  the  problems 
related  to  frequent  geographic  mobility,  family  stress,  and  job 
performance  are  not  evenly  distributed  across  different  military 
ranks  and  types  of  jobs.  Personnel  in  lower  ranking  clerical 
and  technical  oositions  aooear  to  have  more  difficult'/  of  this 
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type  than  do  personnel  in  higher  ranking  managerial  and  professional 
oositior.s.  wives  of  the  clerical  and  technical  resoondencs 


have  more  difficult’/  finding  jobs  and  report  less  satisfaction  with 


their  present  jobs.  In  addition  the  respondents  in  clerical  and 


technical  oositions  more  often  said  that  oroblems  at  home  affected 


their  job  performance  and  that  geographic  mobility  was  a  source 


family  stress.  Air  Force  personnel  in  this  category  also  saw  a 


closer  link  between  :o'o  oerformance  and  lack  of  oromotion. 


'hese  results  indicate  a  promising  direction  for  future  research. 


Studies  following  up  on  the  project  should  be  designed  to  add 


information  about  who  is  or  is  not  affected  bv  family  stress  related 


:o  frequent  geographic  mobility  and  should  provide  a  more  detailed 


explanation  for  these  differences.  Research  of  this  type  would  be 


useful  in  pinpointing  the  persons  whose  work  attitudes  and  behavior 


are  most  likely  to  be  affected  by  family  stress  and  would  be  help¬ 


ful  in  designing  programs  to  help  relieve  these  problems. 
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UNITED 


'ATES  AIR  FORCE  SURVEY 


Hello,  my  name  is 

I  am  working  on  a  survey  being  done  by  Jackson  State 
University  and  a  grant  from  the  United  States  Air  Force.  We 
are  interviewing  men  in  the  Air  Force  from  dual-career 
families,  that  is,  where  both  husbands  and  wives  are  employed. 
Hour  are  one  of  the  people  here  at  Xeesler  who  have  been  se¬ 
lected  to  ce  interviewed.  Your  name  was  picked  from  a  list  of 
ail  married  persons  at  Keesler.  It  will  not  take  much  of  your 
time.  Your  answers  will  be  strictly  confidential  and,  in  fact, 
your  name  will  not  be  put  on  the  answer  sheet. 


Lena  Wright  Myers,  ph.D. 
Professor  of  Sociology 
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How  long  have  you  been  in  the  Air  Force? 


Ac  what  rank  did  you  enter  the  Air  Force?  _ 

How  long  have  you  been  in  your  present  rank? _ 

Do  you  plan  to  stay  in  the  Air  Force  until  you  retire? 
Yes  (15 


If  yes,  is  there  anything  that  might  make  you  change  your  mine? 

_ Yes  (15 

_  No  ,25 

a.  If  yes,  what?  _ _ 

b.  If  no,  why  are  you  leaving? _ 

c.  What  do  you  plan  to  do  when  you  leave? _ 


5.  At  what  Base  were  you  before  you  came  here?  _ 

a.  How  long  were  you  there? _ 

b.  Where  were  you  before  you  went  to  that  Base? _ 

c.  How  long  were  your  there? _ _ 

f  Mote  to  Interviewer:  Skip  temporary  duty 
assignments  of  6  months  or  less  in  duration. 

Obtain  history  of  moves  for  past _  years] 

Vow  we  would  like  some  information  about  your  job  in  the  Air  Fores. 
What  is  '/our  orese.nt  *ob?  -GET  SPECIFIC  TITLE ) 


Job  Title  not  Rank; 

What  do  you  do  on  the  job?  What  are  some  of  your  duties? 


c.  How  long  have  you  been  in  that  job?  (GET  YEAR  AT  WHICH 
J0NTIMU0C3  EMPLOYMENT  ON  THIS  JOB  BEGAN; 
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10 .  MARRIED 


a-  Is  your  wife  employed? 

_ Yes  (1)  What  kind  of  job  does  she  have? 

_ No  (2)  _ _ 

^Job  Title) 

b.  Is  that  the  kind  of  job  she  has  most  of  the  time? 

_ Yes  vl)  (Go  to  11) 

_ -*’o  (2)  What  kind  of  job  does  she  have  most  of  the  time? 

(Job  Title) 

11.  Does  she  plan  to  stay  in  this  kind  of  job  until  she  retires? 

_ -es  (i) 

_ *o  (2) 

12.  Does  moving  from  one  base  to  another  make  it  difficult  for  her  to 
find  a  job? 

_ Yes  (1) 

_ So  (2) 

12a.  If  Yes,  how  often 

_ Always  _ Sometimes 

_ Most  of  the  time  _ Hardly  ever 

13.  How  satisfied  would  you  say  she  is  with  her  present  job?  (Check  one) 

_ Very  satisfied  _ Somewhat  dissatisfied 

_ Somewhat  satisfied  _ Very  dissatisfied 

_ Neither  Satisfied  nor 

dissatisfied 

14.  Did  your  wife  have  jobs  before  now? 

_ Yes  .(1) 

_ (2) 

a.  If  yes,  what  kind  of  job? _ 

b.  How  long  on  each  job?  ' 

'GET  SPECIFIC  JOB  TITLES  and  period  of  time  on  each) 
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13 '  toWanother^'hink  Sh@  fSl"  ab°Ut  havin<?  to  move  -rom  one  iob 


16. 


Have  mere  been  times  when  you  were  awav  from  your  wife  for  a 
long  time  oecause  or  your  job  with  the  Air  Force? (Check  one) 


Yes 

Mo 


:i) 


How  long? 
(Go  to  17) 


16a. 


^hat  preventec  your  family  from  going  with  vou? 


I 


m 


o . 


17 


Whicn  of  those  times  prevented  your  wife  from  going  with  you? 


uere  is  a  card  with  a  scale  from  1  to  10  on  it.  The  scale 

f®pr®s®nta  "he  ran9e  in  the  extent  to  which  success  or  failure 

nf  how*  U°W  We  feel  ao°ut  ourselves.  It  is  NOT  a  measure 

or  HOW  we  .eel  about  ourselves?  It  is,  instead,  a  measure  of 

how  much  our  WORK  AFFECTS  how  we  feel  about  ourselves.  For  some 
people  success  at  work  is  the  only  thing  that  counts,  while 
-or  others  it  does  not  make  any  difference  at  all.  A  person 

h0f,oWb0mKW0rk  15  tbe  most  ira?or tant  thing  in  life  and  who  would 
have  -o  be  successtul  at  work  in  order  to  think  well  of  himself 
«ould  oe  at  the  extreme  left  end  of  this  scale.  (POINT)  The 
other  end  (POINT)  of  the  scale  would  represent  a  person  who 
regaras  other  things  as  being  more  important  than  work  and  who 
does  not  need  to  succeed  at  work  in  order  to  feel  that  he  is  a 
success.  Is  the  meaning  of  the  scale  clear?  (If  Yes,  Go  to  a. 

I-  No,  Repeat  Instructions)  — ’ 


a . 


(NOTE: 


What  point  on  this  scale  (MOVE  FINGER  BACK  AND  FORTH 
ALONG  SCALE)  show  the  importance  of  work  to  how  you 
-eel  about  yourself? 

At  what  point  would  you  say  you  were  five  years  ago? 

How  to  you  think  you  will  feel  five  years  from  now? 

»va»nterwieW®e  WaS  not  em?loyed  five  years  ago,  write 
c  . "  in  _*  L~  interviewee  does  not  intend  to  be  employed 
tive  years  rrom  now  write  "na"  in  c . ) 


53.26 


Now  on  this  same  earn  I  would  like  for  you  to  tell  m.e  where  -ou 
think  your  wife  falls  on  the  scale.  you  may  not  know  for  sure 
but  please  make  a  guess  about  how  she  feels  about  her  work. 
Interviewer  should  repeat  instructions ,  if  necessary/ 


13  .  a. 


What  point  in  this  scaie  (MOVE  FINGER  3ACK  ANT  FORTH 
ALONE  SCALE)  show  the  importance  of  work  to  now  sne 
feels  about  herself? 


b.  At  what  point  do  you  think  she  was  five  years  ago? 

c.  At  what  point  do  you  think  she  will  be  five  years  from 
now? 


Do  you  plan  to  keep  the  ]ob  you  have  now  for  the  rest  of  your 
career  in  the  Air  Force? 


_ Fes  'D 

_ No  12) 

If  no,  why  will  you  make  this  change? 


20..  Would  you  sav  the  jab  you  have  now  in  the  Air  Force  is  the  best 
of  any  of  the  ]obs  you  ever  had? 

_ yes  ;i)  (Go  to  b) 

_ No  (2) 

a.  If  no,  what  job  was  better? 

(Job  Title) 

b.  What  made  it  better? 


What  would  have  to  happen  to  you  to  feel  that  you  are  more 
successful  at  work?  PROBE:  Anything  else? 
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» 


...A: A 


m  n,  u 


How  certain  do  you  feel  about  your  chances  of  being  promoted 
during  the  next  year  or  two?  Would  you  say  you  were:  'Check 
One) 

Uncertain 
Very  uncertain 

-3  .  How  important  is  it  to  you  to  be  promoted?  Would  you  say  it 
was:  Read  and  Check) 

Slightly  important 
Hot  at  all  important 

In  general,  would  you  say  you  have  already  achieved  most  of  the 
goals  you  set  for  yourself  in  your  work  life  or  are  there  still 
things  you  feel  it  is  important  for  you  to  accomplish?  How 
satisfied  are  you  with  what  you  have  accomp iisned ?  Would  you 
say  you  are:  'Read  and  Check  one) 

Dissatisfied 
Very  dissatisfied 


Very  satisfied 
Satisf ied 


Very  important 
Somethat  important 


Very  Certain 
Certain 

Somewhat  certain 


Wow ,  we  would  like  to  know  how  much  you  agree  or  disagree  with  some 
statements  about  work.  Please  try  to  think  about  your  responses  as 
though  you  were  giving  them  to  yourself  rather  than  to  me  or  anyone 
else . 


Here  is  a  card  with  numbered  responses  ranging  from  strongly  agree 
to  strongly  disagree.  I  will  read  the  statement  and  you  tell  me 
which  number  on  the  card  represents  your  responses.  While  all  of  the 
tatements  are  somewhat  similar,  each  contains  something  different, 
lease  think  about  the  statements  carefully  before  responding  (Put 
hecks  in  Spaces) 

1  2  3  4  : 

Weither 

Strongly  Agree  nor  Strongly 

Agree  Agree  Disagree  Disagree  Disagree 


The  major  satis¬ 
faction  in  my 
life  comes  from 
my  j  ob 

Doing  my  job 
well  increases- 
my  feeling  of 
self  esteem 

I  am  very  much 
involved  person¬ 
ally  in  my  work 
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5  crongl\ 
Agree 


Agree 


Neither 
Agree  nor 
Disagree 


3  trongiy 
Disagree  Disagree 


2S-  The  type  of  work 
I  do  is  important 
to  me  when  I  think 
about  how  success¬ 
ful  I  am  in  life 

29.  The  most  important 
things  that  happen 
to  me  involve  my 
30b . 

30.  I  think  members  of 
my  family  feel 
proud  when  they 
tell  people  what  I 
do  for  a  living 

31.  I  live,  eat  and 
breathe  my  job 

32  -  When  I  do  my  work 
well,  it  gives  me 
a  feeling  of 
accomplishment . 

33 .  Most  things  in 

life  are  more  im¬ 
portant  than  work 

34  .  I  feel  a  great 

sense  of  personal 
satisfaction  when 
I  do  my  job  well. 

35  .  I'm  really  a  per¬ 

fectionist  about 
my  work. 

36  .  When  I  make  a  mis¬ 

take  or  do  some¬ 
thing  badly  at  work, 
it  sometimes  bothers 
me  for  days. 

37  .  If  I  could  not  do  my 

job  well,  I  would 
feel  that  I  was  a 
failure  as  a  uerson. 
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3  trong^v 

•  ■eir.ner 
.'.tree  n 

f  orm 

t  -i.  — 

s  to 

1 

Agree 

Ag  r  e  e 

- :  sa~re' 

Strongly 

Agree 


.Agree 


Disagree 


'.'ei  trier 
.Agree  .‘ior 
Disagree 


S  trong ly 
Disagree 


My  wife  is  happy 
that  I  am  in  the 
.Air  Force. 

I  am  probably 
better  than 
average  on  my  gob 

The  necessity  to 
to/e  frequently 
iron  one  Base  to 
another  causes 
tension  between 
my  wife  and  me. 

It  seems  to  me  I 
am  not  doing  my 
gob  as  well  as 
I  used  to. 


My  gob  often  inter¬ 
feres  -with  my 
family  life. 


Mow  we  -would  like  seme  information  about  who  does  chores  in  your  household.  I  Wi.ll 
read  a  List  of  chores  and  I  -would  like  -you  to  tell  me  -whether  each  one  is  done 
entirely  by  you,  mostly  by  you,  entirely  by  your  wife,  mostly  by  your  wife,  or 
more  or  less  equally  by  -you  and  -your  wife.  If  the  chore  is  done  mostly  by  someone 
other  than  g/ou  or  your  wife,  please  tell  me  who  does  it.  Here  is  a  card  with  possible 
resoonses  on  it.  T.vho  in  '/our  house  does  this: 


Cookinc? 


Pavina  the  bills? 


3)  Shopping  for  food? 

4)  Shopping  for  household  goods? 

!5)  Repairing  things  that  get  broken? 

6)  Emptying  the  garbage? 

7)  Cleaning  the  house? 

3)  Washing  the  windows? 

9 1  Mewing  the  lawn  ? 
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(10)  Washing  the  dishes? 


(11)  Taking  care  of  a  chile 
when  he  or  she  is  sick? 

(12)  Washing  the  clothes? 


1  .  N'cw,  I  have  a  few  more  questions  about  sane  possible  everyday 


—  / 

*GT  7*5  IT 


'  n  \ 

Scene  tiirces 


1.  Do  you  try  to  do  as  much  as 
possible  m  the  least  amount 
of  time? 

2.  Do  you  beccme  inpatient  with 
delays  or  interruptions? 

3-  Do  you  always  have  to  win  at 
games  to  enjoy  yourself? 

4.  Do  you  find  yourself  speeding 
up  the  car  to  beat  the  red 
light? 

5.  Are  you  'unlikely  to  ask  for 

or  indicate  you  need  help  with 
a  problem? 

6.  Do  you  constantly  seek  the  re¬ 
spect  and  admiration  of  others? 

7.  Are  you  overly  critical  of  the 
way  others  do  their  work? 

3.  Do  you  have  the  (Tab it  of  looking 
at  your  -watch  or  clock  often? 

9.  Do  you  constantly  strive  to 
better  -/our  position  and 
achievements? 

10.  Do  you  spread  yourself  "too 
thin”  in  terms  of  your  time? 


11.  Do  you  have  the  habit  of  doing 
more  than  one  thing  at  a  time? 

12.  Do  you  frequently  get  angry  or 
irritable? 
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I) 

Never 


■’2) 

Dome  times 


r recuentiv 


Do  you  nave  _ittie  time  tor  mcDies 
or  time  by  yourself? 

Do  you  have  a  tendency  to  talk 
quickly  or  hasten  conversations? 

Do  \-ou  consider  yourself  hard¬ 
ier  vine  ? 


16. 

Do  your  friends  or  relatives  con¬ 

sider  you  hard— driving? 

«v 

1? . 

Do  you  have  a  tendency  to  get 

i 

involved  in  multiple  protects? 

13. 

Do  you  have  a  lot  of  deadlines 
in  your  'uork  ? 

B 

a© 

19 . 

Do  you  feel  vaguely  unccrox or  table 
if  you  relax  and  do  nothing 
during  leisure? 

20. 

Do  you  take  on  too  many 

Fte 

responsibilities? 

r>  \ 

■JS, 

Now,  to  finish  up,  we  need  a  little  more  information  about  you. 

42  .  How  old  were  you  on  your  last  birthday?  (WRITE  IN  YEARS) 

43  .  How  many  years  of  school  did  you  have?  (CIRCLE) 

6  '  3  9  10  11  12  1  2  3  4  M.  A 

44  .  Have  you  had  any  additional  job  training? 

(1)  _ Yes 

.2)  _ Ho  Go  to  46, 

If  Yes,  What  sort  of  training  -was  it? _ 


*  Years ) 


?h.  D. 


How  long  fid  it  last? 
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How  many  years  or  school  ora  •-■our  wife  have?  (CIRCLE) 
6  7  3  9  10  11  12  ./  1  2  3  4  > 


Have  she  had  any  additional  ;ob  training? 


(2)  _ Mo  (Go  to  48) 

If  ves,  What  sort  of  training  was  it? 


how  long  di 


Ir  any  college  training,  what  was  her  major?  _ 

7.  Do  you  have  any  children?  (Check  one) 

(1)  _ Yes 

(2)  ■  No 
If  yes, 

a.  What  are  their  ages?  (Record  3elow) 

b.  Which  ones,  if  any,  are  still  in  school?  (  IF  IN  SCHOOL)  What  year  are  they 
in  school?  (RECORD  BELCW) 

AGE  YEAR  IN  SCHOOL 
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ABSTRACT 


The  research  consisted  of  contributions  as  a  member  of  the 
Evaluation  &  Validation  (E&V)  Team  for  Ada  Programming  Support 
Environments  (APSEs). 

Following  are  the  major  activities:  An  Assessment  of  Availability 
of  E&V  Tools  and  Aids  was  developed.  Much  of  the  other  work  included 
review  of  on-going  E&V  and  related  E&V  projects  technical  material. 
Following  the  reviews,  comments  and  recommendations  were  prepared. 

The  primary  areas  of  review  were  the  following:  Joint  Services 
Software  Engineering  Environment  Operational  Concept  Document; 

Life  Cycle  Software  Engineering  Environment  Taxonomy;  the  E&V  Tools 
and  Aids  Document;  Guidelines  for  the  Evaluation  of  Technical  Proposals 
from  the  Ada  Prospective;  and  sections  of  the  E&V  Requirements  Document. 


Research  Initiation  Program,  Final  Report,  Evaluation  &  Validation 
of  Ada  Programming  Support  Environments,  Mike  Burlakoff,  July  5,  1985 


I.  BACKGROUND  OF  Ada  and  the  E&V  TASK. 

in  1975  the  Department  of  Defense  (DoD)  High  Order  Language 
Working  Group  was  formed  with  the  goal  of  establishing  a  single  high 
order  language  for  use  in  DoD  systems  (in  particular,  in  Embedded 
Computer  Systems).  Following  establishment  of  technical  requirements 
and  international  competition,  the  Ada  language  as  currently  defined 
in  (2)  was  selected.  One  of  the  major  goals  of  Ada  is  to  reduce 
the  rapidly  increasing  costs  of  software  development  and  maintenance 
in  military  systems. 

Early  in  the  development  process  it  was  realized  that  the 
acceptance  and  benefits  derived  from  a  common  language  could  be 
increased  substantially  by  the  development  of  an  integrated  system  of 
software  development  and  maintenance  tools.  The  requirements  for  such 
an  Ada  Programming  Support  Environment  (APSE)  were  stated  in  the 
STONEMAN  (1)  document.  STONEMAN  identifies  the  APSE  as  support  for 
"the  development  and  maintenance  of  Ada  application  software 
throughout  its  life  cycle."  (3) 

In  June  1983  the  Ada  Joint  Program  Office  (AJPO)  proposed  the 
formation  of  the  E&V  Task  and  a  tri-service  APSE  E&V  Team,  with  the 
Air  Force  designated  as  the  lead  service.  In  October  1983  the  Air 
Force  officially  accepted  responsibility  as  the  lead  service  on  the 
E&V  Task.  The  purpose  of  the  E&V  team  is  to  develop  the  techniques 
and  tools  which  will  provide  a  capability  to  perform  assessment  of 
APSEs  and  to  determine  conformace  of  APSEs  to  applicable  standards. 

As  E&V  technology  is  developed,  it  will  be  made  available  to  the 
community  for  use  by  DoD  components,  industry,  and  academia  as  deemed 
appropriate  by  the  respective  organizations.  (3) 


XI.  OBJECTIVES. 


The  objectives  of  the  effort  were  to  participate  in  the  on-going 
work  of  the  E&V  team  and  to  contribute  to  that  activity.  The  E&V 
team  consists  of  four  working  groups,  where  each  group  is  responsible 
for  a  particular  area  of  E&v.  The  major  area  of  participation  during 
this  period  was  with  the  Requirements  Working  Group  (RECWG) .  The  RECW3 
is  responsible  for:  1)  Life-cycle  E&V  issues,  2)  Definition  of  E&V 
requirements,  3)  Analysis  of  E&V  requirements,  4)  Identifying  issues 
which  may  impact  development  of  E&V  technology  and  5)  Providing 
recommendations  for  development/acquisition  of  E&V  tools/aids.  (3) 

III.  ACTIVITIES/RESULTS ■ 


Following  are  the  major  activities  and  results: 

1.  Development  of  Assessment  of  Availability  of  E&V  Tools 
&  Aids  Report.  (8) 


This  work  was  developed  independently  and  then  reviewed  by 
several  members  of  the  E&V  team  during  the  June  1985  E&V  quarterly 
meeting.  A  copy  of  the  report  is  attached. 


2.  Review  of  Joint  Services  Software  Engineering  Environment 
(JSSEE)  Operational  Concept  Document  (OCD).  (6) 


^ ■ 
r.v.  ■ 

.•V 


The  software  Technology  for  Adaptable  Reliable  Systems  (STARS) 
project  of  the  office  of  the  Secretary  of  Defense  is  proposing  the 
development  of  a  common  software  environment  for  mission  critical 
systems  for  DoD  use  in  the  1990's.  The  OCD  described  the  way  JSSEE 
will  appear  to  the  users,  and  the  way  that  the  users  will  interact 
with  the  JSSEE  installation. 

Following  is  a  summary  of  the  comments  as  a  result  of  review  of 
the  OCD: 

1)  A  background  section  giving  the  history  and  background  of 
JSSEE  would  have  been  useful.  Also,  the  scope  of  the  document  was 
much  broader  than  given  in  the  introduction.  The  purpose  of  the 
document  seemed  unclear. 
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2)  The  relationship  of  JSSEE  to  Ada  and  STONEMAN  was  unclear. 

3)  Some  of  the  OCD  specifications  relating  to  matters  such  as 
responsiveness,  metrics,  installation  support,  etc.  were  questionable 
and  poorly  defined. 

4)  The  information  regarding  Configuration  Management  and 
Support  was  lacking  in  detail  in  regards  to  responsibities,  etc. 

Following  review  of  the  JSSEE  OCD,  it  occurred  to  the  author  that 
beginning  development  of  a  JSSEE  was  being  proposed.  Following  the 
development,  the  use  of  JSSEE  would  be  required  in  DoD  in  the  1990 's 
time  period.  The  author  strongly  disagrees  with  this  concept  for  the 
following  reasons:  1)  Past  experience  has  shown  that  purposeful 
development  of  large  software  environments  generally  results  in  such 
large,  inefficient  software  systems,  that  they  are  not  acceptable  by 
the  users,  and  2)  because  of  the  rapid  technological  advances  in  the 
computer  sciences  area,  it  seems  that  the  DoD  should  not  be  bound 
to  the  use  of  a  niid-80's  planned  environment.  Rather,  the  DoD  should 
keep  abreast  of  the  latest  computer  hardware/software  technology  and 
implement  appropriate  technological  advances.  A  message  to  this 
effect  was  sent  by  the  author  to  the  JSSEE  STARS  project  office. 

3.  Review  of  Life-Cycle  Software  engineering  Environment  (SEE) 

Taxonomy  Report.  (5) 

This  report  presents  a  taxonomy  of  tool  features  for  a  life-cycle 
software  engineering  environment.  The  purpose  of  the  taxonomy  is  to 
classify  tool  features  and  functions  in  an  organized  nanner. 

Following  are  some  to  the  uses  of  the  taxonomy:  Listing  desirable 
features  and  functions  of  specific  tools,  providing  a  means  of 
comparison  of  tools  and  environment  features  and  functions  and  for 
determining  conformance  of  a  tool  or  environment  to  original 
requirements  specifications. 


The  document  seemed  to  be  well  done.  Comments  were  minor  and  no 
technical  changes  were  recommended. 


6.  Miscellaneous. 


Review  and  recommendation  of  several  other  E&V  documents  was 
completed.  Among  these  were  draft  Sections  4  and  5  of  the  E&V 
Requirements  Documents.  Section  4  is  titled:  Required  APSE 
Evaluations  and  Validations  and  Section  5  is:  Quality  Guidance 
for  E&V  Technology. 


The  major  recommendation  for  this  report  was  that  an  expanded 
explanation  of  the  application  of  the  taxonomy  to  specific  tools  was 
needed.  The  document  was  unclear  in  a  number  of  areas.  It  was  felt 
that  the  taxonomy  could  be  useful  to  a  wider  audience  if  the  examples 
were  clarified  and  expanded.  A  number  of  recommendations  in  this 
regard  were  made. 

4.  Review  of  Tools  and  Aids  Requirements  Document.  (7) 

The  Tools  and  Aids  Requirements  document  describes  the 
implementation  of  the  technology  required  to  evaluate  and  validate 
components  of  an  APSE.  This  particular  version  was  a  first  draft. 


5.  Review  of  Ada  Proposal  Guidelines.  (4) 

This  report  provides  a  set  of  guidelines  for  use  in  the  assessment 
of  technical  proposals  that  are  submitted  in  response  to  a  Request 
for  Proposal  which  specifices  the  use  of  Ada. 


Recommendations  were  provided  for  a  possible  approach  for  the 
development  of  these  guidelines.  It  was  recommended  that  the 
guidelines  be  divided  into  four  categories:  1)  Compiler,  2)  Ada 
Support  Tools,  3)  Ada  Programing  Design  Language  (PDL)  and 
4)  Personnel.  Examples  of  items  to  be  evaluated  under  each 
category  were  then  presented.  Following  development  of  the  report 
referenced  in  (4),  review  and  comments  were  provided.  In  general 
the  comments  were  minor,  and  no  major  technical  changes  were 
proposed.  It  was  felt  that  the  version  was  well  written  and 
complete. 


IV.  SUMMARY  AND  RECOMMENDATIONS. 

The  E&V  team  is  composed  of  members  from  government,  industry 
and  academia.  Most  of  the  members  are  volunteers  who  freely  donate 
a  great  deal  of  time  to  the  many  E&V  acivities.  The  members  are  to 
be  commended  for  their  work  and  contributions  to  the  advancement  of 
technology  in  this  important  area  of  software  engineering. 

In  the  author's  opinion,  there  have  been  several  notable  E&V 
achievements.  These  are  listed  below.  Also  given,  are  recommendations 
for  areas  of  continued  E&V  team  emphasis. 

Achievements 

1)  Development  of  technology  on  techniques  and  methods  for 
evaluating  APSEs  and  the  associated  support  software  tools.  This 
includes  techniques  such  as  component/attribute  lists  and  questionnaire 
evaluations  for  software  components. 

2)  Providing  visibility  and  awareness  on  the  importance  of  E&V 
through  appropriate  meetings,  workshops  and  published  technical 
documents.  (For  example,  see  (9)). 

Recommendations  for  E&V  Emphasis 

1)  Apply  the  developed  E&V  technology  to  specific  APSEs,  and 
support  tools.  These  applications  would  be  an  aid  in  evaluating  the 
the  effectiveness  of  the  E&V  technology  itself,  and  serve  to  show 
areas  that  require  modification  or  improvement. 

2)  Continue  emphasis  on  the  development  of  the  Ada  Compiler 
Evaluation  Capability  (ACEC).  The  ACEC  should  be  a  valuable  E&V 
product  which  aids  in  determining  the  quality  of  Ada  compilers. 

3)  Continue  the  theoretical  development  of  E&V  technology. 

Consider  a  comprehensive  study  of  past  E&V  accomplishments  and 
applications  of  currently  developed  technology  as  mentioned  in  1) 
above.  Then  update  the  E&V  plan  to  reflect  the  results  of  the  study. 


(Attachment  1) 


Assessment  of  Availability  of  Evaluation  &  Validation  Tools  &  Aids, 
Mike  Burlakoff,  June  14,  1985 


I.  INTRODUCTION. 

The  Evaluation  &  Validation  (E&V)  availability  assessment  is 
presented  to  assist  managers  and  software  developers  in  determining 
the  availability  of  evaluation  and  validation  tools  and  techniques 
for  a  particular  APSE  or  APSE  support  software  tool.  The  question 
that  should  be  answered  by  applying  this  assessment  is:  *If  I 
decide  to  use  this  support  software  tool,  what  is  the  availability 
of  E&V  tools/aids  which  I  can  apply  to  assess  the  quality  of  this 
support  software  tool?* 

This  assessment  may  be  applied  in  several  different  ways: 

(1)  As  a  guide  to  determine  the  types  of  E&V  capabilities  that 
are  available.  Note  that  the  use  of  this  assessment  requires 
knowledge  of  the  existing  E&V  tools/aids  for  this  support  tool. 

(2)  Prior  to  tool  development,  managers  may  U9e  the  assessment  to 
direct  that  certain  (or  all)  E&V  capabilities  be  developed 
during  the  system  development. 

(3)  Several  tools  with  similiar  functional  capabilites  may  be 
rated  in  terms  of  E&V  availability.  A  comparison  of  the  final 
ratings  between  the  tools  may  then  be  made. 


II.  APPLYING  THE  ASSESSMENT 

The  assessment  is  grouped  into  four  categories: 

(1)  Evaluation. 

(2)  Validation. 

(3)  Formal  Qualification  Tests. 

(4)  User  tests. 

These  categories  were  chosen  because  they  represent  the  most 
useful  E&V  techniques  for  determining  the  quality  of  a  tool  or  the 
techniques  that  may  be  used  to  assess  the  quality. 

The  categories  and  the  assessment  criteria  are  listed  below.  . 
Under  each  category  is  an  explanation  of  the  category,  followed 
by  the  Guidance  Criteria  and  the  Ratings. 

The  evaluator  may  wish  to  simply  assign  a  score  to  each  category 
and  then  sum  and  average  the  scores.  If  desired,  a  weight  may  be 
given  to  certain  of  the  categories.  This  would  depend  on  the  tool 
being  evaluated.  For  example,  it  is  expected  that  certain  basic 
tools  would  not  be  required  to  have  a  formal  validation  suite  of 
tests  developed.  In  this  case  a  weight  of  0  for  this  category  may 
be  appropriate. 
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III.  AVAILABILITY  ASSESSMENT. 


A.  EVALUATION:  AVAILABILITY/QUALITY. 

Evaluation  generally  measures  capabilities  such  as  performance, 
efficiency,  optimizations,  options  and  capacities.  The  existence 
and  quality  of  documentation  are  evaluated.  Configuration  management 
and  control  and  maintenance  procedures  and  supportability  are  also 
included  in  the  evaluation  process.  Typical  evaluaters  are: 
Requirements  and  specifications  lists,  guidelines,  procedures  and 
methods,  metrics,  benchmarks,  tests  and  test  suites,  questionnaires, 
decision  aids,  monitored  experiments,  and  test  management  systems. 
This  assessment  should  determine  whether  quality  evaluation  criteria 
exists  and  whether  it  has  been  applied  to  this  or  similiar  tools. 

GUIDANCE  CRITERIA  RATING 

1.  No  evaluaters  exist  and  none  are  planned.  Very  Low  (0) _ 

2.  No  evaluaters  exist,  but  they  may  be  easiliy  Low  (1) _ 

developed.  Plans  exist  to  develop  evaluaters. 

3.  Evaluaters  exist.  The  quality  is  acceptable.  Good  (2) _ 

4.  Quality  formal  evaluaters  are  available  and  have  High  (3) _ 

been  applied  to  similiar  tools  of  this  type. 

5.  Quality  formal  evaluaters  are  available  and  have  Very  High(4) _ 

been  successfully  applied  to  this  tool. 


B.  VALIDATION:  AVAILABILITY/QUALITY. 

Validation  of  a  tool  involves  a  set  of  foriral  tests  to  establish 
conformance  with  a  standard  or  specification.  The  primary  example 
of  tool  validation  is  the  Ada  Compiler  Validation  Capability  (ACVC) 

The  ACVC  is  used  to  measure  confornance  of  Ada  compilers  to  the  Ada 
Language  Standard  (ANSI/MIL-STD-1815A) .  This  assessment  should 
determine  whether  a  quality  validation  capability  exists,  and  whether 
it  has  been  applied  to  this  or  similiar  tools.  Note  that  a  validation 
capability  implies  the  existence  of  a  standard  for  the  tool.  The 
assessment  should  not  penalize  a  tool  for  non-availability  of  a 
validation  capability  if  no  standard  exists. 


GUIDANCE  CRITERIA 


RATING 


1.  No  validation  capability  exists  and  none  is 
planned. 

Very  Low 

(0) _ 

2.  No  validation  capability  exists,  but  plans 
exist  to  develop  a  validation  suite. 

Low 

(1) _ 

3.  A  validation  capability  exists.  It  has  not 
been  applied  to  similiar  tools. 

Good 

(2) _ 

4.  A  validation  capability  exists.  It  has  been 
applied  to  similiar  tools. 

High 

(3) _ 

5.  Formal  validation  exists.  This  tool  has  been 
been  successfully  validated. 

Very  High(4) _ 
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C.  FORMAL  QUALIFICATION  TESTS:  AVAILABILITY/QUALITY . 

Formal  Qualification  Tests  (FQT)  are  generally  developed  by  the 
vendor  as  part  of  the  software  development  project.  They  are 
teemed  "fornfil*  since  in  many  cases,  they  are  written  to  satisfy 
system  requirements  and/or  a  formal  test  plan.  These  may  be  used 
by  the  vendor  or  customer  prior  to  software  delivery  to  demonstrate 
that  the  system  meets  requirements  and  specifications.  Included 
in  this  category  would  be  tests  developed  by  a  separate  organization 
such  as  a  Independent  Validation/Verification  (IV&V)  Team.  This 
assessment  should  determine  whether  F QT  tests  exist,  have  been 
successfully  executed,  and  are  well  documented  on  use  and  expected 
results. 

GUIDANCE  CRITERIA  RATING 

1.  NO  FQT  tests  exist.  Very  Low  (0) _ 


2.  Some  FQT  tests  exist.  Their  use  or  results  Low  (1)_ 

are  not  documented. 

3.  FCT  tests  exist.  They  demonstrate  that  the  Good  (2) 

system  meets  specifications  and  requirements. 

However,  their  use  and  expected  results  are 
not  documented. 

4.  FQfT  tests  exist  and  have  been  successfully  High  (3) 

executed  by  the  vendor.  Documentation  on 

the  use  of  the  tests  and  results  is  available. 

5.  FQT  tests  exist  and  have  been  successfully  Very  High(4) 

executed  by  the  vendor.  The  tests  have  shewn 

that  the  system  meets  specifications  and 
requirements.  Documentation  on  the  use  and 
results  of  the  tests  is  complete. 


I 
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D.  USER  TESTS:  AVAILABILITY/QUALITY. 


User  tests  are  generally  informally  developed  by  the  vendor  or 
user.  While  validation  and  FQ2  tests  determine  formal  compliance 
with  specifications  and  requirements,  user  tests  may  verify 
specific  functions  and  capabilities  of  interest  to  a  user  (or  vendor). 
Examples  of  users  tests  could  be:  1)  Verification  of  a  response  to 
a  error  situation;  2)  checking  the  size/speed  efficiency  of  all  or 
parts  of  a  system;  and  3)  An  example  program  that  is  furnished  by  the 
vendor  to  the  user  to  determine  that  the  system  executes  upon  initial 
delivery.  This  assessment  should  determine  the  existence  of  quality 
user  tests,  whether  they  have  been  successfully  executed,  and  if 
any  documentation  exists  on  the  use  and  expected  results. 


GUIDANCE  CRITERIA 


RATING 


1.  No  user  tests  exist. 


Very  Low  (0) 


2.  No  user  tests  exist.  Plans  exist  to  develop  sane  Low 
tests. 


3.  User  tests  exist.  They  have  been  executed  by 
the  vendor.  Little  information  is  available 
on  the  use  or  results  of  the  tests. 


4.  User  tests  exist  from  both  the  vendor  and  user. 
Information  exists  on  their  use  and  results. 


5.  User  tests  exist  from  both  the  vendor  and  user. 
They  have  been  successfully  executed. 
Documentation  exists  on  their  use  and  results. 


very  High(4) 


56.14 


REFERENCES 


1.  DoD.  'Stonenan*.  Requirements  for  Ada  Programing  Support 
Environments.  Feb  80. 


2.  dod.  Ada  Programing  Language,  ANSI/MIL-STD-1815A.  22  Jan  83. 


3.  V.L.  Castor.  Evaluation  &  validation  (E&V)  Plan.  Version  2.0. 
31  Dec  84. 


4.  V.L.  Castor.  Guidelines  for  the  Evaluation  of  Technical 
Proposals  From  the  Ada  Perspective.  8  Apr  85. 


5.  E.S.  Kean,  F.S.  Lamonica.  A  Taxonomy  of  Tool  Features  for  a  Life 
Cycle  software  Engineering  Environment.  8  Apr  85. 


6.  STARS  Joint  Service  Team.  Joint  Service  Software  Engineering 
Environment  Operational  Concept  Document.  15  Nov  84. 


7.  B.  Fritz.  Tools  and  Aids  Requirements  Document  (Draft).  21  Mar  85. 


8.  D.B.  Baker.  Ada  Decision  Matrix.  23  Mar  84. 


9.  V.L.  Castor,  Evaluation  &  Validation  (E&V)  Team  Public  Report, 
Volume  I.  30  Nov  84. 


56. 15 


••  -*•  A  %  -*•  A  •  '  *'•  '  ~  ^  ~r-  A.VVV’U'W 


USAf-SCEEE  RESEARCH  INITIATION 


IN  SCIENCE  PROGRAM  (RISE) 


Sponsored  by  the 


AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 


Conducted  by  the 


SOUTHEASTERN  CENTER  FOR  ELECTRICAL  ENGINEERING  EDUCATION 


FINAL  REPORT 


KINETICS  OF  HOMOGENEOUS  GAS  PHASE  OXIDATION  OF 


HYDRAZINE  IN  AIR 


investigator: 


Or.  Datta  V  .  N  a  i  k 


Academic  Rank: 


Associate  Professor 


Department  &  University 


Department  of  Chemistry 
Monmouth  College,  New  Jersey 


Research  Location: 


Monmouth  College,  New  Jersey 


Contract  No . : 


84RIP57 


mm 


KINETICS  OF  HOMOGENEOUS  GAS  PHASE  OXIDATION 


ft* 


■I'iJ 


CF  HYDRAZINE  IN  AIR 


ABSTRACT 


The  kinetics  of  oxidation  of  hydrazine  in  dry  air  has 
been  studied  in  a  190-liter  pi  1  low- shaped  Teflon  chamber 
as  a  function  of  the  Teflon  surface-to-air  volume  (S/V) 
ratio.  The  rate  of  hydrazine  air  oxidation  in  the  chamber 
at  room  temperature  is  found  to  increase  linearly  with  in¬ 
creasing  S/V.  Extrapolation  of  the  reaction  rate  to  zero 
S/V  yields  a  rate  constant  of  0.012  (half-life  of  58  hours) 
for  the  homogeneous  gas  phase  oxidation  of  hydrazine  in  dry 
air  in  absence  cf  an  active  surface. 
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KINETICS  OF  H0M06ENE0U5  6AS  PHASE  OXIDATION  OF  HYDRAZINE  IN  AIR 


I.  INTRODUCTION: 

Hydrazine  (^H^)  is  an  important  member  of  the  family  of  high 
energy  fuels  widely  used  by  the  United  States  Air  Force  and  Space 
Transportation  System.  For  example,  hydrazine  as  a  70%  solution 
in  water  is  used  as  a  propellant  for  the  emergency  power  unit  (EPU) 
of  the  F-16  fighter  plane.  A  50-50  blend  of  and  unsymmetr  i  ca  1 

dimethyl -hydrazine  (UDMH),  known  as  Aerozine-50,  is  used  as  a  fuel 
for  the  Titan  missile.  Hydrazine  and  monomethy 1 hydraz i ne( MMH )  are 
used  in  the  Space  Shuttle  as  propellants  for  the  thrusters  and  for 
the  auxiliary  power  units. 

Hydrazine  and  its  derivatives  are  highly  toxic.  The  recommended 
maximum  exposure  to  hydrazine  propellants  is  extremely  low.  NIOSH 
recommends  30  ppb  for  hydrazine.  The  widespread  usage  of  hydrazine 
with  its  documented  toxicity  (1,2)  to  humans  and  other  organisms  makes 
it  necessary  to  characterize  the  processes  which  control  the  fate 
of  hydrazine  in  the  environment.  In  view  of  the  problems  associated 
with  spills  and  vapor  releases  which  occur  during  handling,  storage 
and  transport  of  hydrazine,  it  is  important  to  understand  the  kinetics 
of  air  oxidation  of  hydrazine. 

Previous  work  in  this  area  by  Stone  (3),  using  glass  reaction 
chambers  (30  ml-55  liter)  had  established  that  the  hydrazine  oxidation 
in  air  proceeds  by  the  main-  reaction: 

N2  H4  ( g  )  +  02(g)  — *  N2  (g)  +  2H20(g)  - Q) 

The  production  of  small  amounts  of  ammonia  during  the  oxidation  was 
also  reported  and  was  attributed  to  heterogeneous  side  reactions. 


The  rate  of  hydrazine  air  oxidation  was  found  to  be  strongly  dependent 
upon  the  reaction-cell  geometry,  surface  composition  of  the  cell, 

and  its  surface  to  volume  ratio. 

Stone's  experiments  i n vo 1 ved sma 1 1  glass  reaction  chambers 
with  high  surface  to  volume  ratios  (minimum  0.3  cm).  Actual 
air  oxidation  of  hydrazine  in  ambi ent atmosphere  is  expected  to 
encounter  a  surface  to  volume  ratio  of  9x10"^  cm_1(4).  Stone's 
kinetic  study  has  been  extended  by  Pitts  and  co-workers  (5,6)  at 
the  Statewide  Air  Pollution  Research  Center  (SAPRC)  of  the  University 
of  California  at  Riverside  using  experimental  conditions  approaching 
those  of  the  ambient  atmosphere. 

The  SAPRC  experiments  were  conducted  using  3800-liter  and 

■  A 

(ft 

D-IOu-i  >  ter  Teflon  reaction  chambers  with  significantly  lower  surface- 

4 

to- volume  Ratios.  Teflon  was  chosen  because  of  its  expected 
inertness  in  these  processes.  Unfortunately,  only  a  limited  number 
of  kinetic  runs  were  made  and  the  reported  values  for  the  half-life 
(<T)  of  the  hydrazine  decay  in  air  showed  considerable  scatter.  Never¬ 
theless,  the  data  still  agreed  with  the  trends  in  the  rate  of  hydrazine 
air-oxidation  reported  earlier.  The  half-life  obtained  in  the  6400- 
liter  reaction  chamber  was  longer  than  that  obtained  in  the  3400-liter 
chamber  indicating  the  faster  reaction  rate  with  larger  surface-to- 
volume  ratio  even  for  a  Teflon  surface.  The  half-life  obtained  with 
wet  air  was  lower  than  that  with  dry  air.  The  accelerated  decay 
of  the  hydrazines  in  wet  air  had  been  observed  before,  by  Stone  (7). 

The  SAPRC  study  of  hydrazine  decay  in  air  was  extended  by  Naik 
and  Stone  (8)  using  a  320-liter  Teflon  reaction  chamber  (interfaced 
with  an  FT-IR  spectrometer)  to  obtain  reliable  and  systematic  kinetic 
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data  for  the  hydrazine  oxidation  in  air.  The  study  was  conducted  at 
the  Environics  Laboratory  of  the  Air  Force  Engineering  and  Services 
Center,  Tyndall  AFB,  Florida,  under  the  Summer  Faculty  Research 
Program  (SFRP)  of  the  Air  Force  Office  of  Scientific  Research  (AFOSR). 
This  work  demonstrated  that  reproducible  data  can  be  obtained  for 
the  kinetics  of  hydrazine  decay  in  air  using  the  320-liter  chamber. 
Essential  character i st ics  of  the  chamber  included  its  inherent  Teflon® 
surface  of  about  3.5  m  and  a  su r f ace  -  to - vo 1 ume  ratio  of  approximately 
10.9  m'1  (ignoring  the  surfaces  associated  with  mu  1 1 1 -ref  1 ect i on 
infrared  optics  and  other  hardware  inside  the  chamber). 

The  major  conclusions  of  the  study  by  Naik  and  Stone  (8)  were: 

1.  Hydrazine  decay  in  dry,  purified  air  in  the  chamber  has  an  average 
half-life  of  12.6  hours. 

2.  The  reaction  rate  increases  significantly  with  increases  in  the 
humidity  of  the  air. 

3.  The  reaction  rate  is  strongly  influenced  by  the  type  of  surface, 
and  surface-to-volume  (S/V)  ratio. 

4.  Among  the  types  of  surfaces  introduced  to  the  chamber  (Teflon, 

Cu,  A  l ,  stainless  steel,  painted  surface),  copper  affects  the 
reaction  rate  the  most. 

5.  The  Teflon  surface  not  only  is  not  inert  but  in  fact  has  a 
significant  catalytic  effect  on  the  air  oxidation  of  hydrazine. 

One  of  the  important  conclusions  from  all  the  previous  studies 

on  the  kinetics  of  hydrazine  decay  in  air  has  been  that  the  heterogeneous 
hydrazine-air  reaction  on  the  exposed  surfaces  in  the  chambers 
plays  a  dominant  role.  Of  particular  relevance  to  the  present  study 
is  the  fact  that  even  Teflon*  surfaces  have  a  significant  accelerating 
effect  on  the  reaction. 
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Hydrazine  vapors  released  directly  to  the  atmosphere  will 
encounter  no  significant  surface  area  compared  to  the  vast  volume 
of  the  air  in  the  atmosphere.  The  fate  of  hydrazine  in  air  under 
such  conditions  will  be  primarily  due  to  the  homogeneous  gas  phase 
reaction,  and  the  maximum  half-life  of  hydrazine  (slowest  reaction 
rate)  in  the  atmosphere  will  be  determined  by  the  rate  constant  for 
the  homogeneous  oxidation  of  hydrazine  in  dry  air.  The  present 
study  was  undertaken  to  estimate  this  rate  constant  for  the  homogeneous 
react  ion. 

II.  OBJECTIVES: 
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The  objective  of  the  project  was  to  estimate  the  rate  constant 
for  the  homogeneous  gas  phase  oxidation  of  hydrazine  in  dry  air. 

'  A 

III.  EXPERIMENTAL 

1.  APPROACH : 

The  overall  rate  constant  observed  for  the  air  oxidation  of 
hydrazine  in  presence  of  a  surface  may  arise  from  two  identifiable 
Kinetic  processes: 

a)  the  homogeneous  gas  phase  reaction,  and 

b)  the  heterogeneous  reaction  involving  the  surface. 

The  observed  reaction  rate  can  be  expressed  as  equation  2  which 
assumes  that  each  of  these  processes  is  pseudo-first  order  in  hydrazine 
concentration,  and  that  the  heterogeneous  reaction  rate  is  directly 
proportional  to  S/V  ratio. 

Observed  Rate  =  Heterogeneous  Rate  +  Homogeneous  Rate 


Robs  ■  k«et  (S/,»  ‘W  *  kr,01»  tN2H4>  . . <i> 

where  k^et  =  rate  constant  for  the  heterogeneous  reaction,  and 

=  rate  constant  for  the  homogeneous  reaction. 


57.7 


v.  ■'■.V. 


,  + .  v' 


m 


32 

'-■■7 

V.  -f 

v.v 

33 

V  ■) 

$3 

>1*3 


m. 


Rearranging  equation  2  gives 


Robs  -  lkt,et  <s/»'  *  knom^  <W  . <D 


for  a  given  kinetic  experiment,  S/V  will  be  a  constant  and  therefore, 

. - . (4) 


Robs=  kobsLN2H4]  . 

where  k  ^  =  observed  rate  constant 


kobs  =  khet(S/V^  +  khom 


(5) 


Equation  5  predicts  that  a  plot  of  kQ^s  versus  S/V  ratios  should 
be  a  straight  line  with  a  slope  equal  to  heterogeneous  rate  constant 
'  k  h  e  t. )  ancl  the  interCGPt  (at  zero  S/V)  will  te  the  homogeneous  rate 
constant  (khom). 

A ! ternat l ve  1  y  ,  a  direct  determination  of  the  homogeneous  rate 
constant  <khom)  in  the  laboratory  will  require  either  use  of  a  huge 
Teflon  reaction  chamber  with  negligible  S/V  or  the  use  of  a  chamber 
made  up  of  a  material  completely  inert  to  the  hydrazine-air  system. 
Since  neither  of  these  approaches  seems  practical,  the  indirect 
determination  of  the  homogeneous  rate  constant  by  the  extrapolation 
technique  was  used  in  this  work. 

2.  MATERIALS: 


Anhydrous  hydrazine  (fuel  grade,  98+  percent  purity)  was  obtained 
from  Rocky  Mountain  Arsenal  and  was  used  for  the  kinetic  experiments 
as  received.  Air  (breathing  quality)  tanks  were  supplied  by  Seaboard 
We. ding  -  a  local  welding  supplier.  Hydrochloric  acid,  hydrazine 
sulfate  and  paradimethy 1  ami nobenza 1 dehyde  (POABA)  were  obtained  from 
Fi sher  Scientific  ,  NJ. 

The  colorimetric  reagent,  POABA,  was  purified  by  recrystallization 
from  ethanol.  Hydrazine  sulfate  was  used  in  preparing  the  colorimetric 
standard  curve  for  hydrazine. 
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3.  PROCEDURE: 


The  kinetic  experiments  were  conducted  in  a  chamber  constructed 

<2> 

of  QuPont/FcP  (50  micron'  Teflon  film  having  a  f  u  1 1  >■- i  nf  1  ated  volume 
of  about  190  liters  (Figure  1).  The  chamber  was  equipped  with  an 
inlet  port  for  the  introduction  of  dry  air  and  hydrazine,  an  exhaust 

port  for  the  purging  operation  in-between  kinetic  runs,  and  an  air 

€> 

sampling  port.  The  Teflon  surface  area  inside  the  chamber  was  kept 
constant  and  it  was  calculated  from  measurements  of  the  inside 
dimensions  of  the  chamber.  Variation  in  the  S/V  ratio  was  achieved 
by  changing  the  chamber  volume  which  was  controlled  by  the  extent  of 
chamber  inflation.  The  volume  of  the  chamber  for  each  kinetic 
experiment  was  calculated  from  the  size  of  the  inflated  chamber. 

The  hydrazine  sample  was  introduced  into  the  chamber  (partially 
filled  with  dry  air)  by  the  injection  of  the  desired  volume  (usually 
40-50  microliters)  of  N-H^  into  the  injection  bulb  (pre-warmed  to  60' 
70*C).  The  hydrazine  vapors  were  then  flushed  into  the  chamber  by 
using  dry  air  until  the  chamber  was  inflated  to  the  desired  size. 

The  dry  air  used  in  this  study  was  obtained  from  an  air  tank 
(initially  at  2500  osi).  Before  reaching  the  chamber  the  air  was 
passed  through  a  drying  tube  and  a  hydrocarbon  filter  to  yield  air 
with  relative  humidity  of  5-8  percent.  The  temperature  and  humidity 
of  air  inside  the  chamber  was  measured  by  using  Vaisala  Digital 
Humidity  and  Temperature  Indicator  model  HM 1-31  and  model  HMP-31UT 
Relative  Humidity  and  Temperature  Probe. 

L^ak  integrity  of  the  chamber  was  monitored  by  observing 
change  in  the  size  of  the  inflated  chamber.  Initially,  the 
chamber  leaked  significantly  which  was  found  to  be  due  to  cracks 
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at  the  seams.  The  leak  was  stopped  when  all  the  seams  were  sealed 


and  strengthened  with  Mylarv  adhesive  tape.  Even  with  all  the 


sealing  he  size  of  the  inflated  chamber  decreased  noticeably 


over  a  24  hour  period.  Therefore,  most  of  the  kinetic  runs  were 


performed  over  a  six  hour  period  during  which  there  was  no 


significant  change  in  chamber  size.  The  loss  of  air  from  the 


chamber  over  extended  period  was  thought  to  be  due  to  permeability 


of  Teflon  to  air. 


The  Teflon*  chamber  was  found  to  be  definitely  permeable 


to  wate-  vapor.  The  relative  humidity  of  chamber  air  with  no 


hydrazine  increased  slowly  with  time  when  the  humidity  outside  the 


chamber  was  high  (see  Table  1).  No  effort  was  made  to  control 


the  humidity,  except  to  start  the  kinetic  experiments  with. dry 


air  (relative  humidity.  5-3ij. 


The  concentrat 1  on -t ime  profile  of  hydrazine  in  the  chamber  in 


a  Kinetic  run  was  followed  by  using  the  colorimetric  method  of  Watt 


and  Chrisp  (5)  to  determine  the  hydrazine  concentration.  The  actual 


analysis  involved  the  withdrawing  of  2.0  ml  of  an  air  sample  from 


the  chamber  with  a  10.0  ml  gas  syringe  without  the  needle.  It  was 


found  that  the  steel  needle  absorbed  substantial  amounts  of  hydrazine 


which  interfered  with  the  determination  of  hydrazine  level  in  sampled 


air.  Therefore  the  sample  port  was  fitted  with  a  tygon  tubing  one 


end  of  which  extended  inside  the  chamber  and  the  outside  end  attached 


to  the  cannuia  of  the  syringe.  In  between  sampling  operation  the 


tubing  was  closed  with  a  pinch-clamp.  Following  the  withdrawal  of 


the  air  sample,  '.0  ml  of  the  colorimetric  reagent,  p-dimethylamino- 


benza ldehyde , was  taken  in  the  same  syringe.  The  syringe  contents 
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TABLE  1 


CHANGE  IN  PERCENT  RtLATIVE  HUMIDITY  OF  AIR  INSIDE  THE  REACTION 
CHAMBER  WITH  TIME. 


Humidity  outside  the  chamber:  77-79% 
Temperature:  25-26* C 


Time,  Hours 


%  R.  Humidity 


TABLE  2 


OBSERVED  RATE  CONSTANTS.  K  .  ,  FOR  AIR  OXIDATION  OF  HYDRAZINE 


Teflon 

Air  Volume 

Surface  Area 

\l  1  \ 

1 A 1 1  kinetic  runs  were  made  at  room  temperature,  24-28  C. 
-Average  of  at  least  three  kinetic  runs 
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FIGURE  3.  A  typical  kinetic  plot  for  hydrazine  decay 
in  air  in  the  Teflon  reaction  chamber. 


Slope  ■  -0.12, 
(r2  «  3.994) 


0.12,  S/V  *  1G.4  m 


The  rate  of  air  oxidation  of  hydrazine  is  observed  to  in 


crease  with  increasing  S/V  ratio.  A  plot  of  kQbs  versus  S/V 
ratios  (Figure  3)  approximates  a  straight  line  as  predicted  by 
equation  5.  The  slope  of  this  line,  which  corresponds  to  het¬ 
erogeneous  rate  constant  for  the  surface  reactivity  is  0.0059 
(T  3  117  hrs.)  per  S/V  of  m'1.  Extrapolation  of  the  line  to 
zero  S/V  yields  a  kQbs  value  of  0.012.  Thus,  at  zero  S/V,  the 
half-life  of  air  oxidation  of  hydrazine  can  be  estimated  as  58 
hours. 

The  results  of  this  work  show  that: 

a)  Teflon®  surface  is  not  inert  to  the  air  oxidation  of  hydrazine. 

b)  Teflon^  (50  /jm)  film  is  permeable  to  moisture,  and  probably 
also  allows  permeation  of  air  and  hydrazine. 

c)  In  absence  of  any  active  surface,  air  oxidation  of  hydrazine 
is  very  slow. 

d)  Hydrazine  vapors  released  to  atmosphere  (which  has  very  low 
surface  to  valume  ratio)  will  have  a  long  half-life,  estimated 
at  5S  hours. 

V.  RECOMMENDATIONS 

The  present  study  suggests  a  need  to  investigate  the  air 
oxidation  of  hydrazine  in  a  reaction  chamber  made  out  of  an  inert, 
non-permeable  material.  No  material  is  presently  available  which 
is  both  non-pe.rmeabl  e  to  air,  moisture  and  hydrazine,  and  which 
would  have  an  inert  surface  with  respect  to  the  hydrazine  oxidation 
Therefore,  finding  or  designing  such  a  material  should  preceed 
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any  further  kinetic  study  of  the  reaction.  In  addition,  a  sys¬ 
tematic  study  should  be  conducted  to  study  the  effect  of  moisture 
on  the  air  oxidation  of  hydrazine. 
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PREFACE 


This  work  was  conducted  at  the  Department  of  Chemical  Engineering, 
Louisiana  State  University,  Baton  Rouge,  Louisiana,  70803,  under  Subcontract 
No.  84  RIP  58  with  the  Southeastern  Center  for  Electrical  Engineering 
Education,  Inc.,  as  a  part  of  contract  No.  F49620-82-C-0035  with  the  United 
States  Air  Force. 

Work  on  this  contract  was  performed  between  1  December  1984  and 
31  November  1985.  Dr.  Warren  D.  Peele  was  the  Contracting  Officer,  and 
Captain  Paul  Kerch,  USAF  Engineering  and  Services  Laboratory  (AFESC/RD), 
Tyndall  AFB,  Florida,  was  the  Scientific  Contract  Monitor. 

This  work  was  closely  coordinated  with  related  work  being  carried 
out  by  the  UCI  Combustion  Laboratory,  Mechanical  Engineering,  University 
of  California,  Irvine,  92717.  The  individuals  who  participated  were 
Dr.  G.S.  Samuel sen,  Craig  P.  Wood,  and  B.  Alexander. 


SECTION  I 


introduction 

a  EA  KTR  UND 

Thr  Lrv .  r'.r.ii  s  L  ;  v :  s .  vt  of  the  Air  Force  Engineering  and  Service  Center  at 
Tvnda..  Air  F  r- e  Base,  Florida,  deals  with  environmental  problems  arising 
from  Air  For  e  /peracijos  Included  are  the  problems  associated  with  soot 

emis;..ri  from  guv-turbine  combustors. 

S.me  .  i'H ,  the  Environmental  Sciences  Branch  of  the  Environics  Division 
has  ■.'inducted  and  supported  research  on  the  use  of  fuel  additives  to  reduce 
sooting  As  part  A  this  program,  a  micro-processor  controlled,  laser-based 
.nstrument  for  noc-invasive  measurements  of  soot  particle  size  in  laboratory 
flames  was  level. pel  at  the  UCI  Combustion  Laboratory,  Department  of 
“lecnamcai  Engineering,  University  of  California,  Irvine,  through  a 
subcontract  with  Spectron  Development  Laboratories,  Inc.,  Costa  Mesa, 
California.  A  copy  of  this  instrument,  the  Integrated  Particle  Sizing  System, 
was  installed  in  the  Tyndall  laboratory  in  1982. 

As  a  1984  USAF-SCEEE  Summer  Faculty  Fellow,  one  of  us  (AMS)  had  the 
opportunity  to  evaluate  this  instrument.  Several  problems  were  identified 
relating  to  the  quantitative  results  that  can  be  obtained: 

•  there  is  a  broadening  of  the  measured  size  distribution  for 
monodisperse  particles  on  the  order  of  one-half  the  dynamic  range  of 
the  instrument. 

•  the  software  that  controls  data  acquisition,  analysis,  and  display  had 
probLems  that  reduced  the  efficiency  of  instrument  operation. 

•  there  was  no  documentation  of  the  software,  which  limits  the 
feasibility  of  software  correction  and  extension.  The  goal  of  this 
work  was  to  address  the  problems  associated  with  the  software,  and  to 
correct  and  extend  the  software  wherever  possible. 

B.  PRINCIPLE  OF  THE  INTEGRATED  PARTICLE  SIZING  SYSTEM  (IPSS) 

The  IPPS  contains  two  different  techniques  for  particLe  size  measurements. 
One,  for  particles  larger  than  3  pm,  is  based  on  the  visibility  method,  and 
will  not  be  discussed  here.  The  other  is  based  on  the  ratio  of  the  intensity 
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of  light  scattered  by  a  particle  at  two  different  foreward  angles,  the  so- 
called  intensity-ratio  technique.  This  ratio  is  measured  for  individual 
particles,  and  sorted  into  a  discrete  distribution  (histogram).  The 
distribution  of  intensity  ratios  is  then  related  to  the  particle  size 
distribution  through  light-scattering  theory. 

C.  SPECIFIC  SOFTWARE  PROBLEMS  AND  PROPOSED  SOLUTIONS 

1.  Software  Tables 

In  processing  the  measured  intensity  ratios,  three  tables  are  used  to 
to  convert  the  ratio  histogram  to  a  size  histogram.  One  table  contains  the 
value  of  the  ratio  correspondng  to  each  bin  of  the  histogram.  A  second  table 
contains  the  corresponding  particle  si2e  for  each  bin  of  the  histogram.  A 
third  table  contains  the  corresponding  width  of  the  particle  size  range  for 
each  bin  of  the  histogram. 

The  correspondence  between  the  ratio,  the  particle  size,  and  the  bin 
width,  however,  does  not  agree  with  the  theoretical  calculations  carried  out 
by  Spectron  Development  Laboatories  (SDL) .  Since  it  was  unknown  whether  it 
was  the  theoretical  calculations  or  the  implementation  of  the  tables  that  was 
in  error,  we  proposed  to  recalculate  the  values  starting  with  first 
principles.  As  we  show  below,  this  required  a  detailed  knowledge  of  the 
optics,  the  electronics,  and  the  software  components  of  the  system. 

A  fourth  table  is  needed  to  convert  the  size  distribution  to  a 
distribution  of  correct  number  density.  The  values  in  this  table  contain  a 
correction  for  the  probe  volume  size  for  each  bin  in  the  histogram.  The  probe 
volume  correction  tables  were  not  implemented,  i.e.,  each  entry  in  the  table 
contained  the  value  of  unity.  We  proposed  to  develop  a  method  to  impliment 
the  probe  volume  correction  tables.  Although  we  have  essentially  completed 
this  development,  its  implementation  requires  information  on  the  optics  of  the 
IPPS  that  is  currently  unavailable. 

2.  CRT  and  Hardcopy  Display 

There  are  minor  problems  associated  with  the  assembly  language 
programs  that  produce  CRT  and  hardcopy  plots  of  the  intensity  ratio  and  size 
distributions . 

In  the  CRT  display  of  the  intensity  ratio  histogram,  one  line  (or 
several  lines)  appears  to  contain  twice  the  measured  count  at  the  expense  of  a 
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neighboring  bin.  It  was  unknown  whether  this  was  a  problem  with  the  sorting 
routine  or  a  problem  with  the  control  of  line  widths  in  the  display  routine. 

Also,  the  hardcopy  of  the  intensity  ratio  distribution  does  not 
contain  annotation,  and  the  page  control  results  in  plots  being  out  of 
syncronization  with  the  page  size,  i.e.  plots  are  often  printed  over  the  top 
of  the  paper  perforations. 

The  particle  size  distribution  routine  has  three  problems.  First,  it 
is  improperly  scaled.  Second,  hardcopy  plots  cannot  be  printed.  Third,  when 
the  particle  size  distribution  routine  is  executed,  the  effective  rate  for 
subsequent  data  collection  is  reduced  to  approximately  ten  percent  of  the 
previous  rate. 

We  proposed  to  correct  these  problems.  As  we  show  below,  this  was 
accomplished  by  correcting  the  assembly  language  software  and  restructuring 
the  BASIC  language  software. 

D.  SOFTWARE  EXTENSIONS 

The  electronic  components  of  the  IPSS  have  the  capability  to  collect 
values  of  either:  1)  the  intensity  ratio,  or  2)  the  intensity  from  either  of 
the  two  angles.  However,  the  software  supports  only  the  collection  of  ratios. 
We  proposed  to  extend  the  software  to  implement  the  collection  of  single 
channel  intensity  data  and  to  display  and  plot  the  single  channel  intensity 
distributions. 

F.  OVERVIEW  OF  REPORT 

We  begin  by  presenting  a  brief  overview  of  the  optical  and  electronic 
components  of  the  system.  Wherever  possible,  we  provide  a  mathematical  model 
of  the  system  behavior. 

We  then  discuss  the  modifications  of  the  assembly  language  and  BASIC 
language  programs  which  we  have  implemented  to  solve  the  program  problems 
discussed  above. 

The  basis  for  correction  of  the  software  tables  is  then  documented,  and 
the  corrected  tables,  are  presented  and  compared  to  the  previous  tables. 

Finally,  we  describe  a  simulation  program  we  have  developed  to  model  the 
operation  of  the  IPPS.  This  simulation  program  can  eventually  be  used  to 
obtain  probe  volume  corrections  for  any  specified  system  parameters  and  to 
develop  improved  calibration  procedures. 
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HARDWARE  COMPONENTS  OF  THE  INTEGRATED  PARTICLE  SIZE  SYSTEM  (IPSS) 

A.  OVERVIEW 

The  hardware  components  of  the  Integrated  Particle  Sizing  System  that 
relate  to  particle  sizing  by  intensity  ratioing  are  briefly  described  below. 
These  components  include  a  laser,  the  transmitting  and  collecting  optics, 
amplifiers,  signal-processing  electronics,  and  the  computer  interface.  The 
computer  software,  which  collects  and  processes  the  data,  is  described  in 
Section  III.  Details  of  the  IPSS  components  can  be  found  in  the  operator's 
manuals  (References  1  through  5). 

B.  OPTICAL  COMPONENTS 
1.  Laser 

The  radiation  source  for  the  system  is  a  Lexel,  Model  95-2,  c w  Argon 
laser.  The  laser  is  operated  in  a  multiline,  TEMoq  mode,  the  dominant 
logitudinal  modes  being  at  514.5  nm  and  488.0  nm;  the  488.0  nm  line  is  used 
for  intensity  ratioing.  The  beam  is  polarized  in  the  vertical  plane, 

The  manufacturers  specifications  indicate  a  guaranteed  output  of  2.5  W 
in  the  mult  .line  mode.  The  guaranteed  power  for  the  488.0  nm  line  is  800  mW, 
or  32  percent  of  the  total  power.  The  1/e2  beam  diameter  and  beam  divergence 
for  the  514.5  nm  line  is  given  as  1.3  mm  and  0.6  mrad  respectively.  The 
corresponding  values  for  the  488.0  nm  line  will  be  approximately  97  percent  of 
these  values  or  1.27  mm  and  0.58  mrad,  respectively. 

The  output  power  is  selected  and  maintained  by  control  of  the  current 
through  the  plasma  tube.  This  provides  about  ±3%  amplitude  power  stablity 
over  a  1-hour  operating  time.  The  laser  is  normally  operated  at  about  21 
amperes.  Higher  current  levels  have  been  reported  to  result  in  a  transition 
to  the  TCMqj  first  order  donut  mode.  The  relationship  between  the  current  and 
the  power  at  488.0  nm  is  unknown,  so  the  nominal  operating  power  of  the  488.0 
run  beam  is  also  unknown. 


2.  Transmission  Optics 

The  principal  components  of  the  transmission  optics  are  a  dispersion 
prism,  a  beam  expander,  a  focussing  lens,  and  mirrors  to  guide  the  beam.  The 
arrangement  of  these  components  is  shown  in  Figure  1. 

The  dispersion  prism  separates  the  488.0  nm  (blue)  beam  used  for 
intensity  ratioing  from  the  514.5  nm  (green)  beam.  The  beam  is  expanded  by  a 
photographic  telephoto  lens  and  then  focussed  by  an  500  mm  lens  (see  Figure 
1).  The  waist  of  the  focussed  beam  defines  the  sample  point  of  the 
instrument. 

3.  Collection  Optics 

Light  scattered  by  particles  passing  through  the  beam  waist  is 
collected  by  two  lens  systems  in  the  horizontal  planes  of  the  waist  and  at  two 
different  foreward  angles  from  the  incident  beam  axis.  In  the  IPSS  at  the 
Tyndall  laboratory,  the  lenses  are  at  20  degrees  (small  angle)  and  40  degrees 
(large  angle)  off  axis  in  the  forward  direction,  as  shown  in  Figure  1. 

Each  lens  system  consists  of  two  identical  300  mm,  f/4  lenses 
contained  in  a  cylindrical  enclosure.  The  system  is  positioned  so  the  sample 
point  of  the  instrument  coincides  with  the  focal  point  of  the  first  lens. 
Thus  the  scattered  light  collected  by  the  first  lens  is  collimated  and  then 
refocussed  by  the  second  lens  upon  a  pinhole  aperature.  The  light  passing 
through  the  pinhole  impinges  upon  the  cathode  of  a  photomultiplier  tube. 

Pinhole  aperatures  of  different  sizes  are  mounted  on  a  pinhole 
rotator.  A  particular  size  is  selected  by  rotating  the  mount  so  that  the 
desired  size  is  positioned  at  the  entrance  to  the  PM  tube. 

The  combination  of  each  of  the  two  collection  lenses  and  their  PM  tube 
pinhole  aperature  defines  two  more  waists  at  the  sample  point.  The  inter¬ 
section  of  the  laser  beam  waist  with  the  two  waists  defined  by  the  collection 
lens-PMT  aperature  systems  determines  the  effective  sample  volume  of  the 
instrument.  Roughly,  the  sample  volume  can  be  viewed  as  the  volume  formed  by 
the  intersection  of  three  cylinders:  1)  a  cylinder  alligned  with  the  laser 
beam  axis  with  a  diameter  equal  to  the  diameter  of  the  beam  waist;  2)  a 
cylinder  alligned  with  the  optical  axis  of  the  small  angle  collection  lenses 
with  a  diameter  equal  to  the  diameter  of  its  PMT  pinhole  aperature;  and  3)  a 
cylinder  alligned  with  the  optical  axis  of  the  large  angle  collection  lenses 
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Schematic 


with  a  diameter  equal  to  its  PMT  pinhole  aperature.  The  characteristics  of 
the  sample  volume  are  discussed  in  more  detail  in  Section  VI. 

When  a  particle  passes  through  the  sample  volume,  it  scatters  the 
laser  light.  Each  lens  system  collects  a  portion  of  this  light  and  focuses 
the  collected  light  on  its  PMT  pinhole  aperature.  Thus  a  pulse  of  light  will 
be  seen  by  each  PM  tube  for  each  particle  passing  through  the  sample  volume. 

4.  Comments  on  Optical  Components 

Several  features  of  the  optical  system  preclude  detailed  quantitative 
analysis  of  the  IPPS.  The  beam  expander  used  in  the  system  allows  an 
expansion  of  approximately  1.7x  to  8.3x,  depending  on  the  effective  focal 
length  setting  of  the  zoom  lens.  Since  the  raw  beam  diameter  is  known  only 
approximately,  and  since  the  exact  correspondence  between  focal  length  setting 
and  beam  expansion  is  unknown,  the  diameter  of  the  expanded  beam  can,  at  best, 
be  known  only  approximately.  As  discussed  in  Section  VI,  this  leads  to  a 
large  uncertainty  in  the  diameter  of  the  focussed  beam  at  its  waist. 

Furthermore,  mirror  5  (see  Figure  1)  is  too  small  to  accomodate  the 
beam  at  its  greatest  expansion.  Since  the  diameter  of  the  beam  waist  varies 
inversely  with  the  diameter  of  the  beam  being  focussed,  this  implies  that  the 
smallest  sampling  volume  cannot  be  used. 

C.  ELECTRONIC  COMPONENTS 

The  electronic  components:  1)  convert  the  scattered  light  collected  by 
the  optical  system  to  analog  electrical  signals;  2)  process  these  signals;  3) 
convert  the  processed  signals  to  digital  form,  and  4)  transfer  the  digital 
data  to  a  computer.  The  components  consist  of  photo  multiplier  tubes  (PMT's) 
and  their  associated  power  supplies;  a  dual-channel,  logarithmic  amplifier;  a 
ratio  processor;  an  interface;  and  a  customized  Apple  II  microcomputer. 

1.  Photomultiplies  tubes 

The  detectors  for  the  IPSS  are  RCA  8575  photomultiplier  tubes.  The  PM 
tubes  are  powered  by  Bertran  Associates  (BA),  model  PMT-20A/N  (Option  3)  high 
voltage  power  supplies.  These  supplies  provide  0-2kV  at  2mA  d.c. 

The  PMT’s  utilize  a  photosensitive  cathode  and  a  number  of  additional 
electrodes  called  dynodes  to  achieve  high  sensitivity  together  with  rapid 
response  time.  Light  striking  the  cathode  excites  electrons  in  the  photo- 
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sensitive  material.  A  number  of  these  electrons  (proportional  to  the 
intensity  of  the  incident  light)  are  sufficiently  excited  to  "break  free"  of 
the  cathode.  The  dynodes  are  arranged  in  a  series  pf  increasing  potentials; 
as  electrons  from  the  cathode  or  a  preceding  dynode  strike  the  next  dynode,  an 
even  greater  number  are  emitted  to  the  next  stage.  The  output  current  thus 
depends  on  two  factors;  1)  the  incident  light  intensity,  and  2)  the  PMT  supply 
voltage.  This  dependence  can  be  represented  as 

i  =  (F)(C)(10llE)  (1) 

where:  E  =  supply  voltage 

F  =  radiant  flux  striking  the  cathode 
and  C  and  k  are  constants  associated  with  a  particular  PMT. 

2.  Log  Amplifier 

The  dual-channel  logarithmic  amplifier  (LA-1000)  converts  the  current 

pulses  from  the  PMT  into  positive  voltage  pulses.  For  pulse  widths  as  small 

-9 

as  10  ps  the  amplifier  is  rated  for  current  amplitudes  as  small  a  1  nA  (10 
amp);  for  pulse  widths  as  small  as  2  ps,  it  is  rated  for  amplitudes  as  small 
as  1  pA  (10  6  amp).  Since  line  capacitance  affects  amplifier  response,  two 
short  wires  should  be  used  to  connect  the  PMTs  to  the  amplifier. 

The  output  of  the  log  amplifier  is  related  to  the  input  as 


V  =  2  log(i/iQ)  (2) 

where  i  is  a  reference  current  generated  by  the  log  amplifier  and  is  of  the 
°-8 

order  10  amp. 

The  relationship  between  the  output  voltage  of  the  log  amp  and  the 
radiant  flux  of  scattered  light  at  the  PMT  cathode  is  obtained  by  combining 
equations  1  and  2.  That  is 

V  =  2  log  (FC  10kE/iQ)  (3) 

The  radiant  flux,  F,  will  be  equal  to  the  power  of  the  light,  P, 
passing  through  the  pinhole  aperature  divided  by  the  sensitive  area  of  the 
cathode,  A,  i.e. 

F  =  P/A  (4) 
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Substitution  into  equation  (3)  and  expanding  the  logarithmic  term  yields 


V  =  2[K  ♦  kE  +  log  P]  (5) 

where 

K  =  log  (C/AiQ) 

is  a  constant  characteristic  for  each  PMT  -  log  amp  combination. 

As  can  be  seen  from  equation  (5),  the  output  voltage  should  be 
directly  proportional  to  the  PMT  supply  voltage  and  to  the  log  of  the 
scattered  power  collected  by  the  lens. 

This  relationship  was  tested  by  placing  a  scatter  (a  microscope  cover 
slip)  at  the  sample  point  of  the  instrument  and  measuring  the  output  of  the 
two  channels  of  the  log  amplifier  as  the  PMT  supply  voltage  was  changed.  The 
results,  Figure  2,  show  that  the  relationship  holds  approximately  at 
sufficiently  high  supply  voltages.  The  slope  of  the  curves  provides  estimates 
for  the  gain  k  of  the  PMT's. 

* 

3.  Ratio  Processor 

The  ratio  processor  (RP-1001)  utilizes  analog  circuitry  to  process  the 
signals  from  the  log  amps.  The  processed  signal  is  then  digitized.  In 
addition,  TTL  circuitry  is  used  to  control  the  processing-conversion  process. 
A  simplified  schematic  of  the  ratio  processor  is  given  in  Figure  3;  a  complete 
schematic  is  available  in  Reference  2. 

a.  Signal  Processing 

The  signals  from  the  log  amplifiers  (Channel  A  is  from  the  large 
angle  and  Channel  B  from  the  small  angle)  are  fed  to  buffer  amplifiers  with 
unit  gain.  Each  channel  then  feeds  into  a  peak-detect-and-hold  circuit. 

The  output  of  the  B  channel  peak  detector  is  fed  to  an  inverting 

amplifier  (A3)  with  variable  gain  (Q.95-1.05x)  and  variable  DC  offset.  The 

gain  and  offset  are  adjusted  by  trim  resistors  mounted  on  the  circuit  boards. 

Thus  the  output  of  amplifier  A3  is  equal  to  the  negative  of  the  peak  voltage 

derived  from  channel  B. 

The  output  of  amplifier  A3,  "vgp»  and  the  output  of  the  channel  A 
peak  detector,  V^p,  are  fed  to  an  inverting  summing  amplifier  (A4)  with  a  gain 
of  five.  Thus  the  output  of  amplifier  A4  is  equal  to  5(Vgp-V^p).  From 
equation  (S)  we  see  that  the  voltage  to  be  digtized  is  equal  to 
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S(W  = 10  <r> 

A 


where  D  =  10  ((Kg  -  *A)  +  (kgEg  "  kAEA^ 


One  can  show  that  proper  calibration  of  the  instrument  results  in  the  value  of 
D  being  zero. 

The  ratio  processor  validation  logic  identifies  valid  signals  (see 

below)  as  those  for  which  V,_  >  4.0  volts  and  Vnn  <  10. 0  volts.  Thus  the 

A r  —  Hr  — 

output  of  amplifier  A4  will  vary  from  0  to  30  volts.  However,  the  conversion 
of  this  signal  to  digital  form  is  limited  to  the  range  0  to  10  volts.  Thus, 
with  D  equal  to  zero,  we  see  from  equation  (6)  that 

0  <  10  log  (PB/PA)  <  10 
or 

0  <  log  (PB/PA)  <  1 
or 

0.1  <  (PA/PB)  1  1.0  (7) 

The  ratio  (PA/Pfl)  is  the  "intensity  ratio",  which  is  related  to 
particle  size.  Equation  (7)  indicates  that  "valid"  values  of  the  intensity 
ratio  will  fall  between  0.1  and  1.0. 


c.  Analog  to  Digital  Conversion 

The  analog-to-digital  conversion  of  the  output  of  amplifier  A4  is 
performed  by  a  Burr-Brown  ADC82AG.  The  ADC82  (the  AG  suffix  indicates  a 
ceramic  package)  is  a  self-contained  unit  including  internal  clock,  reference, 
and  comparator.  An  identical  converter  is  used  to  digitize  the  output  of 
either  the  A  or  B  channal  peak  detector  (see  Figure  2). 

The  accuracy  of  a  successive  approximation  A/D  converter  is 
affected  by  quantization,  gain,  offset,  linearity,  differential  linearity,  and 
power  supply  sensitivity  errors. 

All  successive  approximation  A/D  converters  have  a  quantization 
error  of  ±  *}  LSB  (least  significant  bit);  the  ADC82  is  an  eight  bit  converter 
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digitizing  a  ten  volt  range  so  the  quantization  error  is  approximately  ±  20 
mV.  The  gain  and  offset  errors  are  factory  trimmed  to  ±.05%  of  full  scale  for 
the  0  to  10V  range;  no  external  adjustment  is  necessary  to  obtain  accuracy  of 
±  1  LSB  (39mV).  The  linearity  error  is  the  deviation  of  an  actual  bit 
transition  from  the  ideal  transition  value;  differential  linearity  error  is 
the  deviation  in  the  "width"  of  each  code  (the  difference  between  two 
transitions).  Burr-Brown  specifies  linearity  errors  of  a  maximum  of  LSB  (20 
mV) . 

Only  seven  bits  of  the  8  bit  ratio  data  word  are  actually  trans¬ 
ferred  to  the  microcomputer.  The  least  significant  bit  provides  room  for  a 
validity  check  bit.  A  zero  level  indicates  valid  data.  As  mentioned  above 
data  are  deemed  valid  when  the  input  signal  meets  three  criteria:  the  B  input 
level  is  less  than  10  V,  the  A  input  is  greater  than  a  specified  minimum,  and 
the  width  of  the  A  input  signal  is  greater  than  a  specified  minimum.  For  high 
speed  operation  the  minimum  voltage  is  set  to  +4  V  and  the  minimum  width  is  2 
(Js;  for  low  speed/wide  dynamic  range  operation  the  minimum  voltage  is  set  to 
+2  V  and  the  minimum  width  is  10  ps. 

The  4.0  V  validation  criteria  and  the  2  ps  width  criteria  can  be 
adjusted  by  trim  potentiometers  on  the  circuit  board.  Signal  tracing  on  the 
Tyndall  processor  showed  these  values  to  be  set  at  approximately  3.85  V  and 
2.25  ps. 

The  two  ADC82s  drive  two  Schottky  tri-state  drivers;  additionally 
the  ADC82  for  the  ratio  data  drives  the  ratio  display  on  the  RD-1001  panel. 
The  outputs  from  the  two  drivers  are  connected  to  a  common  data  bus.  Since 
each  driver  is  enabled  independently,  care  should  be  taken  to  insure  both 
drivers  are  not  simultaneously  enabled;  this  would  cause  permmanent  damage  to 
the  drivers.  The  drivers  and  the  ratio  display  are  not  shown  on  Figure  2. 

Of  particular  interest  is  the  transfer  function  of  the  A/D 
converters,  i.e.  how  they  convert  the  analog  voltage  to  digital  values.  For 


the  ADC82  converters  used  in  the  ratio  processor,  the  following  specifications 
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are  given  by  Burr-Brown.  The  least  significant  bit  has  a  value  of  10  V/2  .= 


39.06  mV.  The  transiton  values  are 


000.  .000 


+10V  -  3/2  LSB 


011.  . Ill 


111.  .  110 


+0V  +  1/2  LSB 
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where  0  indicates  the  transition  bit.  The  bit  code  designation  is  comple¬ 

mentary  straight  binary.  These  specifications  indicate  that  the  transition 
voltages  will  occur  as 

111.  .111  -»  111.  .110  ♦  10.53  mV 

111. . 110  -*  111. .101  -»  58.59  mV 

1 11..  101  *  111..  100  -*  97.65  mV 


000.  .011  *  000.  .010  -*■  9.89285V 
000.  .010  -  000.  .001  -  9.93165V 


000.  .001  -*•  000.  .000 


9.93165V 

9.97075V 


As  will  be  shown  in  Section  IV,  this  transfer  function  is  needed 
for  the  correction  of  the  software  tables. 

d.  Timing  and  Control  Logic 

The  threshold  detector  generates  the  THD  (threshold  detect)  timing 
pulse.  This  pulse  rises  when  the  signal  on  channel  A  exceeds  1.5  volts  and 
falls  when  the  signal  on  channel  A  drops  below  1.0  volts.  The  rising  edge  of 
the  THD  pulse  raises  the  PDE  (peak  detector  enable)  signal.  Thus  the  PDE 
signal  is  only  generated  when  the  input  from  channel  A  rises  from  less  than 
1.0  volts  to  greater  than  1.5  volts,  providing  the  system  with  a  degree  of 
protection  from  background  noise. 

The  threshold  level  can  be  modified  from  the  nominal  1.5  volts  by 
a  10-turn  pot  on  the  rear  of  the  ratio  processor  case.  Normal  operation 
requires  this  potentiometer  to  be  set  to  0.0.  Also,  one  should  not  confuse 
the  threshold  level  with  the  4.0  V  validation  level. 

The  rising  edge  of  the  PDE  signal  lowers  the  PDD  (peak  detector 
dump)  signal,  which  allows  the  capacitors  in  the  peak  detector  to  charge.  The 
voltage  across  each  capacitor  increases  as  the  signal  voltage  increases,  but 
owing  to  the  presence  of  the  diode  in  the  peak  detector  circuit,  the  capacitor 
can  not  discharge  as  the  signal  falls.  The  voltage  across  the  capacitor 
remains  at  the  peak  voltage  encountered  during  the  signal  pulse. 

A  one  volt  fall  in  the  channel  A  signal  causes  the  NSD  (negative 
slope  detect)  signal  to  be  raised  by  the  negative  slope  detector.  The  rising 
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edge  of  the  NSD  signal  in  turn  lowers  the  PDE  signal  "locking  in"  the  current 
peak  voltages.  The  assertion  of  NSD  also  causes  a  1  ps  assertion  of  the  ACC 
(analog-to-digital  convert  command)  signal.  The  falling  edge  of  the  ACC  pulse 
initiates  the  digitization  of  the  selected  single  channel  and  the  analog 
difference  between  the  two  peaks  (see  below).  The  use  of  the  falling  edge  of 
the  ACC  allows  the  analog  voltages  to  stabilize  before  digitization.  During 
analog-to-dizital  conversion,  the  ADCS  (analog-to-digital  status)  signal  is 
high;  the  conversion  takes  approximately  2.8  ps ■ 

The  falling  edge  of  the  ADCS  signal  (indicating  digitization  is 
complete)  initiates  three  signals:  PDD  (peak  detector  dump),  DF  (date  flag), 
and  R£S  (reset).  The  PDD  signal  discharges  the  capacitors  in  the  peak 
detector  circuits.  The  DF  signal  is  sent  to  the  interface  in  the  Apple  II 
microcomputer  to  indicate  that  digital  data  are  available.  The  RES  clears  the 
timing  and  log  circuitory  for  the  next  signal.  The  length  of  the  PF  and  RES 
signals  is  1  ps  unless  an  external  hold  signal  is  received  from  the  Apple  II 
interface.  The  hold  signal  allows  digital  data  to  be  maintained  until  data 
transfer  is  complete. 

4.  Interface 

There  are  nine  output  lines  from  the  RP-1001  to  the  Apple  II;  the 
lines  consist  of  eight  data  lines  and  the  data  flag.  There  are  four  input 
lines  to  the  RP-1001;  these  lines  consist  of  the  two  enables  for  the  digital 
buf f ers/dr ivers  (to  select  raw  data  or  ratio  data),  the  channel  select  (to 
choose  which  single  channel  gets  digitized),  and  the  processing  hold  signal. 

A  Rockwell  6552  VIA  (versatile  interface  adapter)  interfaces  the  lines 
from  the  RP-1001  to  the  6502-based  microcomputer.  The  6552  is  mounted  on  an 
interface  board  residing  in  the  Apple  II' s  seventh  expansion  slot.  The  6552 
incorporates  internal  timers,  data  latches,  software  configured  peripheral 
control  lines,  and  interrupt  generation  in  a  single  package.  The  6552  is 
memory  mapped  into  the  microcomputer's  address  space;  the  6552  is  controlled 
by  read/write  operations  to  specific  memory  addresses.  The  interface  board 
also  includes  a  CD4050  buffer/converter  and  a  74LS04  inverter. 

The  6552  operates  in  handshake  mode.  One  peripheral  line  serves  as  a 
valid  data  strobe  (CA1),  and  another  passes  back  the  handshake  output  (CA2). 
Signals  on  the  8  data  lines  are  ignored  until  an  active  transition  on  CA1. 
During  this  transistion,  the  data  present  is  latched  into  the  A  register; 
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simultaneously  the  6552  handshakes  (tells  the  sending  device  it  received  the 
data  strobe)  by  bringing  CA2  high.  CA2  is  subsequently  held  high  until  the 
microcomputer  performs  a  read/write  operation  on  the  A  register.  The  output 
from  CA2  passes  through  an  inverter  generating  the  processing  hold  signal;  the 
RP- 1001  is  held  until  the  current  data  word  is  read  from  the  A  register. 
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SECTION  III 


SOFTWARE:  STRUCTURE,  MODIFICATIONS,  AND  EXTENSIONS 

The  ratio  processing  software  uses  6502  assembly  language,  BASIC,  and  DOS 
(Disk  Operating  System)  to  drive  an  environment  composed  of  an  Apple  II,  two 
disk  drives,  a  printer,  and  the  RP-1001  interface  (the  Rockwell  6552  VIA). 
The  software  tasks  include  data  collection,  processing  and  storage/retrievel . 

A.  DATA  COLLECTION 

Data  collection  is  a  high-speed  task  necessitating  assembly  language 
routines.  These  routines  do  the  following: 

1)  initialize  the  6552, 

2)  set-up  the  tables, 

3)  draw  the  histogram  outline, 

4)  turn  on  clocking, 

5)  collect  data, 

6)  turn  off  clocking, 

7)  convert  data,  and 

8)  put  RP-1001  in  hold  state. 

The  6552  initialization  consists  of  setting  the  peripheral  A  port  for  use 
as  an  input  latch  with  handshake  in  on  CA1  and  handshake  out  on  CA2  (see 
II. C. 4),  setting  the  timers  to  generate  an  interrupt  every  1/500  second,  and 
setting  the  NMI  ( non-mar kable  interrupt)  vector  to  point  to  the  address  of  the 
clock  count  increment  routine. 

The  number  of  counts  are  stored  in  two  tables,  TBM  and  TBL;  TBM  contains 
the  most  significant  byte  and  TBL  contains  the  least.  Each  time  a  data  word 
is  received,  the  corresponding  byte  in  TBL  is  decremented ;  when  the  byte  is 
decremented  to  zero  a  point  is  plotted  on  the  screen,  TBM  is  decremented,  and 
TBL  is  reloaded  with  the  scale  factor.  The  larger  the  scale  factor,  the  more 
times  a  data  word  has  to  be  received  to  produce  an  increase  in  the  histogram 
line.  When  the  TBM  is  decremented  to  zero,  data  acquisition  stops.  The  table 
set-up  routine  simply  stores  99  in  the  TBM  (corresponding  to  a  maximum  of  99 
points  to  plot  in  a  vertical  line  to  the  top  of  the  histogram)  and  the  scale 
factor  in  the  TBL  entries. 
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The  outline  drawing  routine  draws  lines  between  a  series  of  points  stored 
as  absolute  x  and  y  screen  coordinates.  These  coordinates  are  "bloaded" 
(loaded  at  a  specific  address  from  a  binary  file)  from  either  "TICTBL"  or 
"TICTBLDR";  the  former  holds  the  pattern  for  the  ratio  histogram  (log  scale) 
and  the  latter  for  the  size  histogram  (linear  scale).  The  data  acquisition, 
replot,  and  size  calculation  functions  utilize  this  routine. 

The  clocking  is  enabled  by  writing  the  appropriate  value  to  the  control 
register  on  the  6552;  it  is  in  turn  disabled  by  writing  a  new  value  to  the 
register  (the  control  register  is  located  at  an  offset  31  bytes  above  the  slot 
address,  the  timer  start  value  is  $C0,  and  the  stop  value  is  $40). 

The  data  acquisition  loop  is  represented  by  the  flow  chart  shown  in  Figure 
4.  The  data  acquisition  loop  continues  until  a  key  is  pressed,  a  bin  is 
"full"  (the  corresponding  line  in  the  historgram  has  reached  the  top),  or  the 
sampLe  limit  is  reached.  If  a  key  is  pressed,  a  return  from  subroutine 
operation  transfers  control  back  to  the  calling  procedure.  If  a  bin  becomes 
full  the  transfer  of  control  uses  the  fact  that  the  return  addresses  for  sub¬ 
routines  calls  can  be  removed  from  the  stack.  For  example,  say  routine  "A" 
calls  routine  "B"  which  in  turn  calls  routine  "C";  when  "C"  finishes,  (with  a 
return  command)  control  transfers  back  to  "B" .  If  for  some  reason  the 
programmer  desires  control  to  pass  back  to  "A"  on  completion  of  "C"  (and  the 
programmer  knows  the  routines  are  always  called  in  that  sequence),  the 
programmer  can  have  "C"  remove  the  return  address  to  "B"  from  the  stack,  and 
thus  when  the  return  in  "C"  executes,  control  passes  to  routine  "A"  directly. 
In  this  way  control  is  passed  from  the  graphing  subroutine  (called  by  the  data 
acquisition  loop)  directly  back  to  the  routine  that  called  the  data 
acquisition  loop  routine  whenever  a  bin  becomes  ’’full".  In  a  similiar  manner, 
the  valid  count  increment  routine  returns  control  to  the  routine  calling  the 
data  acquisition  routine  when  the  valid  count  becomes  equal  to  the  sample 
limit. 

Upon  completion  of  data  acquisition,  the  TOTAL  counter  holds  the  total  of 
data  words  received.  The  VALID  counter  holds  the  total  of  data  words  with  a 
zero  validity  (valid  signals)  that  get  plotted.  The  INVALID  counter  holds  the 
total  of  data  words  with  a  zero  validity  bit  that  do  not  get  plotted  — 
generally  the  first  and  last  bins.  The  difference  between  the  total  count  and 
the  sum  of  the  invalid  and  valid  counts  (TOTAL  -  (VALID  +  INVALID))  equals  the 
total  of  data  words  received  with  an  invalid  status  bit  (a  1).  The  TBM  table 
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entries  hold  99  less  the  number  of  times  the  corresponding  TBL  tables  where 
decremented  to  zero.  So  the  total  count  in  each  bin  equals:  (99  -  TBM  [ x ] ) 
*  SCALE  +  (15  -  TBL  (x]),  where  x  corresponds  to  the  bin  number. 

The  convert  routine  translates  the  table  data  into  regular  16  bit  unsigned 
integers  so  that  the  total  count  in  each  bin  equals  (TBM  [ x ]  *  256)  +  TBL  [x] . 

The  ratio  processor  is  put  into  a  hold  state  by  placing  the  CA2  line  of 
the  6552  manually  to  a  high  state;  this  is  accomplished  by  leaving  handshake 
mode  when  a  $ED  is  loaded  into  the  peripheral  control  register  of  the  6552. 

B.  BASIC  LANGUAGE  DATA  PROCESSING 
1.  Program  Description 

The  program  MAIN  is  written  in  Applesoft  BASIC;  the  interpreter  is  ROM 
based.  The  program  interfaces  the  assembly  data  collection  routines  for  the 
user,  performs  size  calculations,  and  takes  care  of  data  storage/  retrieval/ 
display.  Different  versions  of  the  program  exist  due  to  on-site  modifica¬ 
tions;  the  following  described  features  may  not  be  in  all  versions.  A  basic 
description  of  program  functions  will  be  given  first,  and  a  more  detailed 
analysis  of  the  program  structure  will  follow. 

The  following  commands  were  implemented: 

"?"  -  Displays  listing  (partial)  of  valid  commands. 

"N"  -  Acquire  data  under  old  run  number. 

"0"  -  Acquire  data  under  new  run  number. 

"C"  -  Change  entries  for  data  processing. 

"D"  -  Display  listings  of  particle  size  and  count. 

"P"  -  Print  ratio  histogram  and  listing  of  particle  size  and 
count. 

"F"  -  File  data  on  diskette  in  Drive  2. 

"L"  -  Load  data  from  diskette  in  Drive  2. 

"R"  -  Replot  data  (either  loaded  or  acquired)  normalized. 

"S"  -  Compile  size  histogram. 

"Z"  -  Input  settings  to  label  printouts  (size,  laser  power, 
HV1/HV2). 

"X"  -  Input  settings  to  label  printouts  (radial). 

"Y"  -  Input  settings  to  label  printouts  (velocity). 

"K"  -  Input  settings  to  label  printouts  (knobs). 
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"A"  -  Input  settings  to  label  printouts  (axial). 

"E"  -  Input  settings  to  label  printouts  (EQ  ratio). 

The  "?"  command  will  display  a  list  of  commands  and  corresponding 
functions;  only  nine  commands  are  listed  ("0",  "C",  "N" ,  "D" ,  "P" ,  "F" ,  "L" , 
"R" ,  "S").  The  other  commands  are  not  part  of  the  basic  system;  they  are 
extra  additions  that  appear  in  many  versions. 

The  "N"  and  "0”  commands  perform  data  collection.  The  "N"  command 
prompts  the  user  for  a  "run"  name;  the  "0"  command  uses  the  previous  "run" 
name.  The  concatenation  of  the  series  name  and  the  run  name  is  used  to  label 
the  particular  set  of  data  when  stored  on  disk.  These  commands  invoke  the 
assembly  languages  routines  described  earlier. 

The  "C"  command  is  used  to  change  processing  parameters.  Current 
parameters  are  listed  in  numbered  order,  and  the  user  then  is  queried  for  the 
number  of  the  item  to  change.  Descriptive  information  used  to  label  data 
includes  the  date,  the  series,  and  a  user  comment  line.  The  ratio  plotting 
parameters  include  the  sample  limit,  the  scale  factor,  and  the  print  level. 
The  sample  limit  determines  the  upper  limit  (in  powers  of  10)  of  the  VALID 
count.  The  scale  factor  determines  the  number  of  data  words  received  in  a  bin 
before  another  dot  is  plotted.  The  print  level  determines  the  minimum  bin 
count  for  a  bin  to  appear  in  the  data  listings;  in  other  words,  if  fewer  than 
"print  level"  data  words  are  received  in  a  bin  then  that  bin  is  skipped  during 
data  listings  for  the  "P" ,  "D",  and  ”S"  commands.  The  data  reduction  tables 
are  used  to  convert  ratio  information  to  size  information.  These  tables  are 
stored  in  text  files  on  disk  one  and  are  dependent  on  the  collection  angles 
and  the  refractive  index  of  the  particles  being  measured. 

The  "D",  "P",  and  "S"  are  used  to  display/print  information  concerning 
the  size  and  count  information.  The  "P"  and  "D"  commands  produce  the  same 
information,  but  the  "P"  command  produces  a  hardcopy  of  the  data  and  the  ratio 
histogram.  The  information  produced  by  "D"  or  "P"  consists  of  a  listing  of 
the  ratio,  size,  and  count  for  each  bin.  The  "S"  command  creates  a  size 
histogram,  computes  statistical  information  (linear  mean,  volume  mean, 
standard  deviation)  for  the  distribution,  and  lists  the  same  information  given 
by  the  "P"  and  "D"  commands. 

The  "F"  and  "L"  commands  store  and  retrieve  data.  The  "F"  command 
stores  the  current  data  under  its  series  and  run  names.  The  "L"  command 
prompts  the  user  for  a  series  name  and  a  run  name  then  loads  the  appropriate 
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data.  Additionally  the  "L"  command  gains  access  to  a  routine  called  AUTODUMP, 
an  addition  available  in  many  versions.  This  routine  allows  the  user  to 
specify  a  single  series  and  a  list  of  runs  in  that  series  to  be  processed  as  a 
group.  Histograms  of  each  run,  normalized  to  the  run  with  the  highest  count 
in  a  single  bin,  are  produced  to  allow  comparison  in  scale  of  different  runs. 

The  "R"  conanand  replots  the  current  data  normalized  to  the  bin  with 
the  highest  count. 

The  "X”,  "V",  "K" ,  "A"  and  "E"  commands  are  used  to  help  the  user 
create  a  meaningful  comment  line  for  the  data  description  entries  described 
under  command  "C" . 


2.  Program  Layout 

The  version  of  "main"  as  described  above  is  approximately  12k 
(actually  12489  bytes)  of  source  code.  The  code  begins  at  $4000  (16384).  The 
positioning  of  the  code  at  this  location  allows  the  size  of  the  program  not  to 
interfere  with  the  use  of  high  resolution  graphics. 

The  program  is  a  monolithic  entity  without  a  great  deal  of  formal 
structure.  In  particular,  the  addition  of  the  AUTODUMP  routine  severely 
complicates  control  flow  in  an  attempt  to  make  use  of  existing  code.  In  all 
there  are  over  85  "goto"  instructions  imbedded  in  the  code;  since  major 
restructing  of  this  code  was  part  of  the  LSU  project,  only  a  superficial 
description  of  the  various  segments  is  included  here.  The  description  of 
program  functions  by  program  line  number  is  given  in  Table  1.  A  listing  of 
the  version  from  which  Table  1  was  derived  is  included  in  Appendix  A. 

C.  THE  RATIO  PROCESSING  SOFTWARE  SYSTEM 

The  operational  software  resides  in  files  on  disk  1.  Disk  2  is  used 
only  for  storage  of  collected  data.  Disk  1  contains  the  ratio  processing 
software,  the  data  reduction  tables,  and  miscellaneous  utility  programs. 

The  system  is  a  "turn-key"  system  (i.e.  it  boots  up  in  a  running  state). 
This  is  due  to  the  one  line  program  "HELLO"  which  simply  causes  the  text  file 
"M"  to  be  executed.  When  a  text  file  executes,  each  line  of  text  is  treated 
as  if  it  were  typed  in  at  the  keyboard.  "M"  configures  the  Applesoft 
interpreter  to  load  and  execute  MAIN  at  $4000;  "MAIN"  is  the  primary  software 
module;  it  in  turn  loads  the  assembly  routines.  The  assembly  routines 
(actually  their  machine  language  counterparts)  are  contained  in  "ASM1.0"; 
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900  -  940 

6000  -  6270 

6500  -  6520 
7000  -  7300 
8000  -  8150 
8200  -  8260 

8300  -  8430 
9000  -  9110 
9500  -  9520 
10000  -  10250 
10270  -  10420 
10430  -  10740 
11000  -  12120 

15000  -  16050 


TABLE  1.  DESCRIPTION  OF  PROGRAM  FUNCTIONS  BY  LINE  NUMBER 


Functions 

Sets  the  top  of  memory  to  allow  loading  of  assembler 
routines . 

Reads  the  time,  valid,  invalid  and  total  count  values 
from  the  screen  memory. 

Reads  the  ratio  bin  counts  from  the  tables  created  by 
the  assembler  routines. 

Sets-up  assembler  routines  in  memory. 

Allocates  and  initialize  variables. 

Sets  data  reduction  defaults  and  loads  them. 

Data  reduction  table  loading  routines 

Displays  current  values  for  "C"  command. 

Edits  values  for  "C"  command. 

Main  executive  loop;  command  line  interpreter. 

"?"  code;  command  descriptions. 

Sets  new  run  number. 

Acquires  ratio  data;  initializes  counters  and  calls 
assembler  routines. 

"D"  and  "P"  command  code;  produces  listing  of  counts 
and  sizes. 

Extra  AUTODUMP  code  to  utilize  6000  *  6270 
’F"  command  code;  files  current  data. 

"L"  command  code;  loads  data  from  files. 


AUTODUMP  query;  transfers  control  to  AUTODUMP 
routine . 

Extra  AUTODUMP  code  to  utilizes  8000  -  8150 

"R"  command  code;  creates  normalized  ratio  histogram. 

Extra  AUTODUMP  code  to  utilize  9000  -  9110 

"S"  command  code;  produces  size  histogram. 

"S"  command  code;  produces  statistical  data. 

"S"  command  code;  produces  data  listings. 

Produces  comment  line  and  toggles  scale  factor 
between  1  and  5. 

AUTODUMP  list  editting  and  main  execution  loop. 
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additionally  these  routines  require  "INTVECT"  (interrupt  vector),  "TICTBL" 
(ratio  histogram  outline),  "TICTBLDR"  (size  histogram  outline),  and  "CVT"  (the 
table  used  to  convert  bin  numbers  to  screen  positions).  The  assembly  language 
software  is  positioned  at  $8800.  The  space  between  the  assembly  language 
software  and  the  end  of  the  source  code  is  used  for  Applesoft  variable 
allocation. 

The  data  reduction  tables  (bin  center  and  bin  width)  follow  a  simple 
naming  convention.  The  first  two  letters  denote  the  table  type.  Appended  to 
the  type  is  the  collection  angle  pair  (5/2  =  50°  and  20°,  etc.).  Finally  the 
particle  type  (implying  the  refraction  index)  and  laser  wavelength  are  added 
IBC  4/2/LTX/488  =  bin  center  table  for  40°  and  20°  collection  angles,  latex 
particles,  and  488.0  nm  laser  light). 

The  utilities  include  a  data  reduction  table  generator  (GENTABLES) ,  a 
program  to  create  "M"  (CREATE  M) ,  a  program  to  check  data  reduction  table 
contents  (SNOOP  IN  TABLES),  a  program  to  determine  assembly  language  load 
positions  (ADDRESS  FINDER  FOR  BLOAD) ,  and  assorted  programs  from  the  Apple  DOS 
system  master  disk.  The  only  way  to  access  this  software  is  to  abnormally 
terminate  the  ratio  processing  software  (Cntrl-RESET  does  the  trick)  and  then 
perform  a  CATALOG  to  determine  what  is  available. 

D.  PROGRAM  MODIFICATIONS  AND  EXTENSIONS 

There  are  several  errors  in  the  version  of  the  ratio  processor  software 
described  above.  Correction  of  many  of  these  errors  was  simple;  correction 
and  extension  of  the  software  as  a  whole  created  some  unforeseen  problems. 

The  two  primary  errors  of  concern  were  the  irregularities  in  the  plotting 
of  the  ratio  histogram  and  the  drop  in  data  collection  rates  after  executing 
the  routine  to  calculate  particle  sizes.  The  primary  extensions  involved 
variable  scaling  in  the  size  histogram,  the  ability  to  hardcopy  the  size 
histogram,  and  the  ability  to  collect  and  display  histograms  for  single 
channel  data. 
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1.  Plotting  Irregularities 

The  plotting  irregularities  were  due  to  the  bit  mask  used  when  calling 
the  ROM  based  routine  to  draw  a  dot  for  a  bin.  The  mask  used  was  $FF  (all 
1's).  This  mask  had  a  side  effect  when  used  with  a  monochrome  display;  the 
size  of  a  dot  plotted  was  dependent  on  whether  or  not  it  was  in  a  screen 
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postion  next  to  a  plotted  dot.  This  anomaly  is  based  upon  the  image  genera¬ 
tion  hardware  used  in  the  Apple  to  support  color  displays;  the  details  of  such 
hardware  are  intricate  and  beyond  scope  of  this  report.  The  correction 
involved  changing  the  high  resolution  plotting  color  mask  to  $7F. 

2.  Drop  in  Data  Rate 

The  drop  in  the  data  rates  was  due  to  an  oversight  in  interfacing  the 
assembly  language  routine  that  drew  the  outline  of  the  histogram  and  the  BASIC 
language  size  histogram  routine.  The  size  routine  would  load  the  file 
containing  the  vector  list  of  the  outline,  "poke"  the  start  point  into  the 
assembly  code,  and  call  the  assembly  routines.  Unfortunately  the  "poke" 
address  was  incorrect;  the  "poke"  actually  overwrote  an  RTS  (return  from 
subroutine)  opcode  and  thereby  dramatically  increased  the  size  of  the  data 
acquisition  loop  (instead  of  returning  at  the  end  of  the  routine  with  the  RTS 
the  program  wandered  through  memory  until  it  happened  to  hit  another  one). 
The  correction  of  this  "poke"  eliminated  the  problem  entirely. 

3.  Extensions 

The  extensions  proved  to  be  more  problematic.  The  software  was  not 
structured  and  the  methods  used  to  utilize  the  assembly  routines  involved 
modifying  the  actual  machine  language  instructions  via  the  BASIC  "poke" 
command.  Changing  the  assembly  language  meant  recalculation  of  all  the 
addresses  in  the  BASIC  code.  Modifying  the  BASIC  was  even  more  difficult 
because  of  space  limitations  in  memory.  The  monitor  program,  the  Applesoft 
interpreter  (executes  the  BASIC) ,  DOS  (disk  operating  system)  and  its 
attendent  buffers,  text  screen  memory,  high  resolution  memory,  assembly 
language  code  and  tables,  and  the  BASIC  source  code  are  all  co-resident.  With 
all  that  in  the  64K  machine  at  once,  there  isn't  much  room  for  expansion. 

a.  Memory  Usage 

The  first  step  was  more  efficient  use  of  memory.  The  BASIC  source 
had  been  loaded  at  $4000  to  avoid  collision  with  the  high  resolution  graphics 
page,  and  the  assembly  had  been  loaded  in  between  the  BASIC  source  and  DOS. 
The  space  between  the  start  of  the  high  resolution  page  and  the  low  end  of 
memory  where  BASIC  source  is  normally  loaded  had  been  wasted;  the  assembly 
language  was  re-positioned  at  $1000  thereby  gaining  4K  of  space  for  BASIC 
extensions . 
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The  next  step  was  modularization  of  the  BASIC  code  to  facilitate 
software  extension  and  maintenance.  Unconditional  branching  was  eliminated  as 
the  primary  execution  flow  control  machanism;  functions  were  grouped  in 
separated  line  number  sequences  and  invoked  through  the  "gosub-return" 
mechanism.  This  allowed  simplification  of  control  and  eliminated  duplication 
(code  to  produce  the  particle  size  and  count  information  for  the  "D"  and  "P" 
commands  was  identical  to  code  performing  the  same  function  for  the  "S" 
command) . 


c.  Variable  Scaling 


The  assembly  language  routine  to  draw  the  histogram  outline  is 
fast  (relative  to  performing  the  same  operation  in  BASIC)  and  compact; 
unfortunately  the  process  of  "bloading"  the  vector  files  is  extremely  time 
consuming  relative  to  the  time  to  generate  the  outline  from  BASIC  commands, 
and  the  256  bytes  necessary  for  the  table  is  greater  than  the  corresponding 
BASIC  code  space  requirements.  To  implement  variable  scaling,  to  reduce  the 
potential  for  an  error  like  the  one  that  caused  data  rate  reductions,  and  to 
simplify  the  code,  the  task  of  drawing  the  outline  was  moved  to  the  BASIC 
source. 

Variable  scaling  is  easily  achieved  once  the  outlines  are  produced 
dynamically  from  BASIC  code.  Lines  are  drawn  between  screen  positions 
specified  by  coordinate  pairs;  the  origin  is  the  upper  left  screen  position 
with  the  first  coordinate  increasing  as  one  moves  right  and  the  second 
coordinate  increasing  as  one  move  down.  If  a  size  histogram  of  particle  from 
size  M  to  size  N  (M  <  N)  is  desired  and  I  is  the  number  of  hash  marks  to  be 
linearly  spaced  between  M  and  N,  then  the  size  corresponding  to  each  hash 
mark  between  M  and  N  is  given  by: 


Size  =  M  + 


(i)(M  -  M) 
I  +  1 


Likewise,  the  screen  positions  for  the  high  marks  are  computed  by: 


X 


A  + 


i (B  -  A) 
I  +  1 


where  X  is  the  horizontal  position  of  the  hash  mark,  and  A  and  B  are  the 
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horizontal  positions  of  the  first  and  last  hash  marks  respectfully.  Thus  to 
find  the  horizontal  position  for  a  bin  size  of  P  between  M  and  N: 


Position  =  A  + 


(B  -  A) (P  -  M) 


(N  -  M) 


d.  Size  Distribution  Hardcopy 


The  extension  to  produce  a  hardcopy  of  the  size  histogram  involved 
copying  the  procedure  used  for  the  ratio  histogram;  the  reason  for  the  lack  of 
success  by  personnel  working  at  Tyndall  on  this  item  was  the  fact  that  control 
codes  imbedded  in  the  ratio  histogram  routine  did  not  print  in  the  listing 


and  were  thus  overlooked. 


e.  Single  Channel  Collection 


The  last  extension  involved  altering  the  way  the  6552  VIA 
interface  was  initialized  to  enable  the  raw  data  digital  buffer  instead  of  the 
ratio  data  digital  buffer.  Additionally  the  raw  data  word  is  eight  bits  wide 
and  contains  no  validity  bit  so  the  code  in  the  data  acquisition  loop  to  check 
the  validity  bit  was  removed.  The  resultant  code  is  stored  in  the  file 
"ASM1.1".  The  selection  of  raw  or  ratio  histogram  is  accomplished  with  the 
"M"  command;  the  selection  of  large  or  small  angle  data  for  raw  data  digitiza¬ 
tion  is  accomplished  through  the  "A"  command. 


E.  REVISED  STRUCTURE 


To  guarantee  clarity,  maintainability,  and  extensibility  the  following 
structure  guidelines  were  adopted. 


The  code  to  process  a  command  starts  at  line  number  that  is  a 
multiple  of  1000. 

Command  code  is  invoked  with  the  GOSUB  primitive  and  control  is 
returned  with  the  RETURN  primitive. 

Offline  processing  tasks  (tasks  not  involving  the  necessity  of  data 
collection)  reside  in  separate  program  files  invoked  with  the  RUN 
command;  control  is  returned  with  "RUN  MAIN". 

Invisible  characters  are  not  imbedded  in  source  code;  they  are 
replaced  by  the  use  of  the  CHR$  primitive. 
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The  file  MAINDOC  contains  the  program  MAIN  with  in-line  documentation 
(unfortunately  addition  of  in-line  documentation  to  MAIN  itself  would 
increase  its  size  beyond  space  limititious) . 

6.  All  available  commands  are  listed  by  the  command. 


Observance  of  these  guidelines  will  simplify  future  programming  tasks. 


SECTION  IV 


SCATTERING  CALCULATIONS 


A.  OVERVIEW 

The  Integrated  Particle  Sizing  System  belongs  to  a  class  of  instruments 
collectively  known  as  single  particle  counters.  As  such,  its  concept  is  based 
on  the  theory  for  scattering  of  a  plane,  linearly-polarized  light  wave  by  a 
single,  homogeneous,  isotropic  sphere  of  arbitrary  size  and  refractive  index. 
This  theory,  valid  in  regions  far  removed  from  the  scatterer  (the  far-field 
zone),  was  first  formulated  by  Mie  in  1908. 

We  review  below  the  results  of  the  Mie  theory  that  are  needed  to 
calculate  the  theoretical  response  of  the  IPSS  to  a  scatterer.  The  details 
leading  to  these  results  are  available  elsewhere  (References  6  through  9). 

B.  RADIATION  INTENSITY 

To  understand  the  principle  of  the  IPSS,  we  must  consider  how  to  specify 
the  amount  of  energy  associated  with  the  light  scattered  from  a  particle  that 
is  collected  by  a  lens  located  some  distance  away.  Consider  an  element  of 
area  dA’  that  emits  electromagnetic  radiation,  which  impinges  on  an  area  dA  on 
a  receiver  at  a  distance  r.  The  two  elements  of  area  have  normals  forming  the 
angles  a'  and  a  with  the  line  joining  them,  as  shown  below. 


The  amount  of  energy  received  by  dA  is  measured  in  joules.  The  rate  at 
which  energy  is  received  by  dA  is  the  power  dP  measured  in  watts.  The  power 


per  unit  surface  area  normal  to  the  direction  of  r  received  by  dA  is  called 
the  intensity3  (W/m2),  i.e. 


dP 

dA  cosa 


The  solid  angle  dui  subtended  by  dAQ  as  viewed  from  dA  is 

diu  =  dA  /r2 
n 

so  the  intensity  can  also  be  written  as 
I  =  dP/r2dtu 

Since  we  will  be  interested  in  the  radiation  power  passing  through  dA,  we  can 
then  write 


dP  =  I  dA  =  r  Idu)  (9) 

Q 

It  will  be  convenient  to  describe  the  spatial  dependence  of  the  intensity 
of  scattered  radiation  in  terms  of  a  spherical  coordinate  system  as  shown  in 
Figure  5.  It  will  be  assumed  that  the  incident  radiation  is  linearly 
polarized,  with  the  electric  field  vector  aligned  with  the  x  axis,  and  that  a 
particle  is  located  at  the  origin.  We  will  be  interested  in  calculating  the 
intensity  at  a  point  r,0,$  that  results  from  scattering  of  the  incident 
radiation  by  the  particle. 

The  plane  that  contains  both  the  direction  of  propagation  of  the  incident 
wave  (the  z  axis)  and  the  direction  of  observation  (the  position  vector  r)  is 
called  the  scattering  plane.  The  distance  from  the  scatterer  to  the  point  of 
observation  is  r,  the  scattering  angle  is  6,  and  the  angle  between  the 
scattering  plane  and  the  plane  of  polarization  of  the  incident  radiation  is  ♦  • 
We  will  then  seek  expressions  for  l(r,0,$)  from  which  we  can  calculate 


dP(r,0,$)  =  l(r,0,«p)  dA„  =  l(r,0,$)r  du> 


In  current  practice  (Reference  10),  the  quantity  defined  by  equation  (8)  is 
called  the  irradiance  and  given  the  symbol  E,  and  the  symbol  I  is  used  for  the 
term  radiant  intensity  defined  by  dP/dw.  Thus  the  intensity  defined  here  is 
equal  to  the  radiant  intensity  multiplied  by  r2.  The  use  of  intensity  as 
defined  by  equation  (8),  however,  is  so  firmly  entrenched  in  the  literature  on 
light  scattering,  we  will  use  it  here  to  avoid  confusion. 
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C.  MIE  THEORY 


The  Hie  theory  follows  from  a  rigorous  solution,  to  the  Maxwell  equations 
and  their  associated  boundary  conditions  for  the  radiation  field  resulting 
from  the  scattering  of  a  linearly-polarized  plane  wave  by  a  homogeneous, 
isotropic  sphere  of  arbitrary  size  and  refractive  index.  The  solution  takes 
the  form  of  an  infinite  series,  the  terms  of  which  include  the  product  of  an 
associated  Legendre  polynomial,  with  argument  cos6,  and  a  spherical  Bessel 
function  with  argument  kr  where  k  is  the  wave  number  2 n/k,  k  being  the  wave 
length  of  the  radiation.  The  coefficients  in  the  series  are  evaluated  in 
terms  of  the  size  parameters  x  =  rcd/X,  where  d  is  the  particle  diameter. 
Finally,  the  series  is  multiplied  by  a  circular  function  (sin  or  cos)  whose 
argument  is  the  angle  0  that  characterizes  the  polarization  of  the  incident 
radiation. 

For  regions  far  removed  from  the  scatterer,  the  series  can  be  simplified 
by  taking  asymptotic  values  of  the  Bessel  functions  for  large  r;  the  series 
then  involves  only  Legendre  polynomials.  The  result  is  that  the  radiation 
field  can  be  completely  specified  in  terms  of  known  functions  of  the  wave 
length  k,  refractive  index  m,  the  dimensionless  particle  size  x»  and  the 
position  in  the  field  prescibed  by  the  coordinates  (r,0,$). 

In  particular,  the  intensity  of  the  scattered  radiation  can  be  expressed 
as 


A2!0  2  2 

I(Io,\,rfx,m,6,<t»)  =  — 2~ 2  Ut(X>«,B)sin  ♦  +  i-(x,m,6)cos 
An*  r 


(11) 


where  i  (x,m,0)  and  i _(x>®,8)  are  intensity  functions,  defined  such  that  the 
1  ^  2  2  2 

product  of  ij  or  i 2  with  k  Xq/ r  is  the  component  of  the  scattered 
intensity  polarized  perpendicular  and  parallel  to  the  scattering  planes, 
respectively.  The  incident  radiant  intensity  is  Iq,  and  the  distance  from  the 
scatterer  is  r.  The  intensity  functions  i^  and  i^,  are  related  to  the 
amplitude  functions  and  S2  as 

i^X.m.S)  =  Js^x.m.Q)]  2  (12) 

and 

i2(x,m,0)  =Js2(x,m,0)|  2  (13) 
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where  we  have  adopted  the  notation  of  van  de  Hulst  (Reference  6).  Henceforth, 
the  dependence  on  X  and  m  will  not  be  written  explicitly,  i.e.  we  will  write 

*2I  2  2 

I(r,9,0)  =  — —  {i  (8)sin  0  +  i2(9)cos  0}  (14) 

4n  r 


D.  EVALUATION  OF  THE  INTENSITY  FUNCTIONS 

A  number  of  computer  programs  are  available  for  the  calculation  of  the 
intensity  functions  i^  and  i (see  for  example,  References  8,  11,  and  12).  The 
program  used  here  was  written  by  D.M.  Ogden  (Reference  12). 

The  computer  program  requires  as  input  parameters  the  size  parameter,  the 
wavelength  of  the  incident  radiation,  the  refractive  index  of  the  surrounding 
media,  the  real  and  imaginary  part  of  the  complex  refractive  index,  and  the 
scattering  angle  9.  The  pertinent  output  parameters  are  the  intensity 
functions  i^(8)  and  i2(8). 

E.  CALCULATIONS  OF  COLLECTED  LIGHT  POWER 

We  are  interested  in  the  power  of  the  light  scattered  by  a  particle  that 
is  collected  by  a  lens  of  a  given  diameter  and  focal  length  and  with  a  given 
geometric  orientation  with  respect  to  the  scatterer. 

Consider,  for  example,  the  geometric  configuration  shown  in  Figure  6.  The 

normal  to  the  center  of  the  circle  lies  in  the  y-z  plane  and  forms  an  angle  9q 

with  the  z  axis.  It  is  assumed  that  a  plane  wave  propogating  in  the  z 

direction,  whose  electric  field  vector  oscillates  in  the  x-z  plane,  impinges 

on  a  scatterer  at  the  origin.  The  distance  from  the  scatterer  to  the  center 

of  the  circle  is  f.  The  position  of  the  circle  is  characterized  by  the 

coordinates  of  its  center:  f,  8  ,  and  0  .  For  the  case  shown,  0  =  n/Z. 

o  o  o 

We  can  locate  an  elemental  area  dA  on  the  surface  of  the  circle  with  the 
polar  coordinates  r  and  g.  The  distance  from  the  origin  to  dA  is  s,  and  the 
outward  normal  to  dA  forms  an  angle  a  with  the  line  from  the  origin  to  dA 
along  s.  The  location  of  dA  is  established  by  its  coordinates  (s,0,0)> 

The  power  of  the  scattered  light  collected  by  dA  is,  from  equation  (9), 


dP  =  I ( s ,  6 , 0)  s  dw 

where  dtu,  the  solid  angle  subtended  by  dA,  is  given  by 
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Thus 


dw  =  Lte)..cos_q 
s 


dP  =  l(s,0,<?)  cos  a  dA 


It  can  be  seen  from  Figure  6  that 


cos  or  =  f/s 


so 


dp  =  Ks,9,0)f  rdrdg 
s 


(15) 


To  complete  the  derivation,  we  must  relate  s,  9,  and  $  to  r,  0,  f,  8q  and  <J>q  . 
Those  relations  can  be  obtained  as  follows.  If  we  let 


& 


then 


a  =  f  sin6Q  +■  rcospcos8Q 
b  =  rsin0 
C  =  (a2  +  b2)** 


s  =  (r2  ♦  f2)* 
0  =  sin  1  (c/s) 
<t>  =  sin  1  (a/c) 


(16a) 

(16h) 

(16c) 

(I6d) 

(I6e) 

(I6f) 


Thus  for  any  position  on  the  circle  given  by  r  and  0,  the  parameters  s,  0,  and 
$  can  be  obtained,  and  the  power  collected  by  dA  becomes 

A2! 

dP  =  — (ij(0)  sin2^  +  i_(0)cos  $}frdrdp 
4n  s'5 


where  i^(0)  and  i ^ (Q )  are  obtained  from  the  Hie  code. 

An  example  of  this  calculation  is  shown  in  Figure  7  for  a  latex  particle, 
of  size  parameter  4.2,  irradiated  with  linearly  polarized  radiation  of  wave¬ 
lengths  0.488  pm.  The  scattered  light  intensity  is  calculated  over  the 
surface  of  a  300  mm  diameter  lens  located  75  mm  from  the  particle  (an  f-number 
of  4).  The  optical  axis  of  the  lens  is  given  by  0q  =  20  degrees  and  =  n/2. 
The  power  is  normalized  by  its  maximum  value  and  the  iso-power  contours  are 


58.37 


I 


shown-  As  can  be  seen,  there  is  substantial  variation  in  the  power  over  the 
surface  of  the  lens.  This  indicates  that  for  accurate  calculations,  the  power 
of  the  scattered  radiation  must  be  integrated  over  the  collection  surface, 
1 . e .  we  must  take 


A*"  I 


P  = 


4  n 


2  n  R 

f  1 

o  o 


i1(0)sin^iS  +  i.,(0)cos20 


f rdrdfl 


(17) 


F.  NUMERICAL  INTEGRATION 

It  is  more  convenient  if  we  cast  equations  (16)  and  (17)  in  a  slightly 
different  form  by  dividing  the  power  by  the  incident  intensity  and  using 
dimensionless  length  variables  normalized  by  the  lens  radius.  Then 


and 


C  =  P/I 
sp  o 


F  =  -  =  — 
D  2R 


where  C  is  the  partial  scattering  cross  section  of  the  lens  and  F  is  the 

sp 

lens  f-number.  In  dimensionless  form,  we  have 


sp 


F  A- 
2  n  o 


2  2 

2 n  1  i.(0)sin  0  +  i-(0)cos  $ 
|  ;  - -1 - 


}  pdpdP 


(18) 


where 


(19) 


c 

P  =  R 

s  =  |  =  (p2  ♦  AF2)’4 

A  =  I  =  2Fsin0Q  +  pcosfJcos0Q 
B  =  |  =  psinp 
C  =  |  =  (A2  +  B2)** 

0  =  sin  1  (|) 

0  =  sin  1  (£) 


The  radius  of  the  circle  is  then  divided  into  M  segments,  as  shown  in 
Figure  8  (where  M  =  4) ,  with  M  +  1  nodes  at  0,  1/M,  1.  The  area  of  the 

circle  about  node  0  is 


'.W 


m 


58.39 


n 


=  —y 

0  2M  4M2 


If  the  annulus  containing  node  1  is  subdivided  into  K  segments  of  angle  A0J, 
the  area  of  a  sector  about  node  1  is  then 


^MC^)2-  (^)21  i  =  2/KM2 

Equating  A^  to  Aq  we  obtain  K  =  8  so  that  A3  =  2n/8  =  n/ 4 

In  a  like  manner,  we  can  obtain  a  similar  expression  for  the  value  of  A3  in 
any  annulus  such  that  the  defined  sector  area  is  equal  to  Aq.  The  general 
result  for  A3  in  the  annulus  about  node  j  is 


A0  =  n/ 4  ;  j  =  1,2,... , M-l 

Since  the  width  of  the  ring  about  node  M  is  one-half  the  width  of  the  other 
rings,  a  segment  with  A3M  =  A0^_1  will  give  an  area  equal  to  Aq [ (4M-1 )/8(M- 1) ] 
which  is  about  equal  to  Aq/2  for  large  M. 

In  this  manner  the  circle  is  divided  into  (4) (M+2) (M-l)  +  1  sectors.  The 
numerical  integration  then  takes  the  form 

FA2 
27I2 


,2  M-l  8j 

C  =  UG(0  ,♦  )  +  Z  1  G(0  ,  *.,))  ~ 

SP  Or,2  0  °  i  =  1  lr=1  J*  4M2 


8 (M-l) 
♦(  * 
k=l 


G(9Mk’  'W* 


j=l  k=l 

n(4M-l) 


4M  (M-l) 


} 


(20) 


along  with 


Pk  =  k/M 

Sk  =  <p2  *  iF2)"" 

Pj  =  (j-l)n/8j 

A..  =  2Fsin9  +  p, cos3-Cos9 

J  K  O  K  J  C 

Bjk  =  pksinPj 


Cjk 


(Ajk  + 

-i, 


9jk  =  sia  <VV 

V  =  sin’1(Ajk/Cjk) 


(21) 
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and 


G(9jk*9jk)  =  ii(0jk)sin2«>jk  *  i2(0jk)cos^jk 


A  FORTRAN  program  has  been  written  to  carry  out  these  calculations.  Input 

to  the  program  consists  of  the  particle  diameter,  the  particle  refractive 

index  (in  general  complex),  the  refractive  index  of  the  ambient  media,  the 

wave  length  of  the  radiation,  the  lens  f-number,  and  the  angles  9  and  $  . 

o  o 

The  main  program  calls  a  subroutine  INTG2  which  does  the  integration  and 
returns  the  partial  scattering  cross  section  for  the  lens.  INTG2,  in  turn, 
calls  two  subroutines.  One  of  them  is  MIE,  which  returns  the  intensity 
functions.  The  other,  ANGLES,  require  as  input  F,  p,  f),  9^,  and  It 

returns  the  variables  S,  0,  0  defined  by  equations  (21). 

G.  INTENSITY  RATIOS 

The  numerical  integration  described  above  was  used  to  calculate  the  ratio 
of  the  power  of  the  radiation  scattered  by  a  particle  and  collected  by  f/4 
lenses  at  two  different  angles  0q,  i.e.  the  intensity  ratio.  For  both  lenses, 
we  have  taken  $  =  n/2. 

As  can  be  seen  from  equation  (17),  the  intensity  ratio  is 


P(0. )  C  (9,)I  C  (0,) 

1  1 — £  -  _§£ — L_  -  RfQ  n  ) 

Csp(02)Io  Csp(02)  12 


P(92) 


where  0^  is  the  large  angle  and  *s  the  small  angle  formed  by  the  lens  axes 
with  the  axis  of  the  incident  beam.  As  can  be  seen,  the  incident  intensity 
cancels.  This,  of  course,  is  the  motivation  for  using  the  ratio  technique. 

Our  preliminary  trials  showed  that  there  was  essentially  no  change  in  the 
calculated  intensity  ratio  when  M  >  4.  Thus  for  all  further  calculations  we 
have  used  this  value. 

To  test  the  adequacy  of  the  Mie  scattering  calculatons,  we  have  computed 
the  intensity  ratio  as  a  function  of  particle  size  for  scattering  at  20°  and 
40°.  The  particle  refractive  index  was  1.56  -  O.Oi.  These  calculations  were 
then  compared  to  calculations  carried  out  by  Dr.  Paul  Bonczyk  at  United 
Technology  Research  Center,  for  the  same  scattering  angles  and  particle 
refractive  index.  The  comparison  is  shown  in  Figure  9.  As  can  be  seen,  the 
computations  are  in  excellent  agreement.  This  indicates  that  the  Mie  code 
used  in  this  work  is  sufficiently  accurate. 
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SECTION  V 


CORRECTION  OF  SOFTWARE  TABLES 

A.  OVERVIEW 

We  have  described  in  the  previous  section  the  theory  by  which  the 
intensity  ratio  R  can  be  calculated  for  a  given  angle  pair,  particle  size, 
and  particle  refractive  index.  The  measurement  problem  is  the  reverse,  i.e. 
given  a  value  R  for  a  particular  angle  pair  and  particle  refractive  index,  one 
must  find  the  particle  size. 

The  measurement  problem  is  illustrated  in  Figure  10.  The  Mie  theory 
provides  the  function  R(x,m.9j  »  tile  measurement  demands  the  function 
xCR.m.Oj ,9^) ■  This  latter  function  cannot  be  calculated  directly--  it  must  be 
obtained  by  numerical  inversion  of  R(x,m,01 ,02) . 

Furthermore,  as  described  in  Sections  II  and  III,  the  quantity  digitized 
by  the  ratio  processor  is  the  value  of  101og(l/R)  with  7  bit  resolution  over 
the  range  0  to  10  volts,  and  that  this  data  word  is  truncated  to  6  bits  by  the 
software.  This  means  that  each  of  the  2  =64  possible  values  of  the  6  bit 

digital  data  words  represent  a  range  of  ratios,  and  for  each  ratio  range  there 
is  a  corresponding  range  of  sizes,  as  shown  in  Figure  10. 

The  inversion  problem  involves  two  steps: 

1)  determine  the  range  and  mean  for  the  values  of  the  ratios  represented 
by  each  of  the  64  data  words.  These  values  depend  only  on  the 
characteristics  of  the  analog  -  digital  converter 

2)  for  each  angle  pair  -  refractive  index  combination,  determine  the  mid 
point  (bin  center)  and  range  (bin  width)  of  the  corresponding  size 
from  the  calculated  R(x,m,0j ,0^) • 

Having  then  measured  the  intensity  ratios  and  sorted  the  measured  values  into 
a  discrete  distribution,  the  corresponding  discrete  size  distribution  and  its 
statistical  properties  can  be  obtained  from  the  bin  center  and  bin  width 
tables . 

B.  INVERSE  OF  RATIOS  TABLE 

The  values  in  the  inverse  of  ratios  table  are  determined  by  the  particular 
transfer  function  of  the  analog  to  digital  converters,  as  discussed  in  Section 
II.  Using  the  transfer  function  given  in  the  specification  sheet  for  the 
Burr-Brown  converters,  we  have  calculated  the  voltage  ranges  and  the 


corresponding  ratio  ranges  for  the  128  possible,  7-bit  data  words.  These 
values,  shown  in  Table  2  differ  from  those  listed  in  Table  2,  Reference  2.  The 
difference  owes  to  a  different  transfer  function;  SDI  assumed  that  the 
transition  voltages  occured  at  integral  multiples  of  10.0/256  =  0.03906  rather 
than  at  the  transition  values  given  in  the  Burr-Brown  specifications. 

From  the  values  in  Table  2,  the  mid-points  of  the  voltage  ranges  corres¬ 
ponding  to  each  of  the  64,  6-bit  data  words  were  obtained.  The  mid-point  of  a 
voltage  range  is  related  to  the  mean  of  the  corresponding  ratio  range  as 
follows.  Since  the  voltage  converted  is 

V  =  101og( 1/R) 

the  range  of  voltages  represented  by  the  6-bit  data  word  is 

lOlogU/Rj)  <  V  <  101og(l/R2) 

Thus  the  mid-point  (the  arithmetic  mean)  of  the  voltage  range  is 

V  =  51og(l/R1R2)  =  101og( 1/R) 
or 

R  =  (R1R2)il 

Thus  the  mid-point  of  the  voltage  range  corresponds  to  the  geometric  mean  of 
the  ratio  range. 

The  geometric  means  of  the  ratio  range,  for  each  of  the^  6-bit  data  words 
comprise  the  INV  OF  RATIOS  table.  This  table  is  used  to  relate  a  measured 
ratio  to  a  corresponding  particle  size  and  size  range  as  described  below.  The 
corrected  values  of  the  INV  OF  RATIOS  table  are  given  in  Table  3,  where  they 
are  compared  to  the  original  values  provided  by  SDL.  As  mentioned  above,  the 
differences  owe  to  a  correction  of  the  transfer  function  for  the  ADC. 

The  effect  of  the  revised  ADC  transfer  function  on  the  relation  between 
bin  number  and  the  corresponding  particle  size  is  illustrated  in  Figure  11, 
where  we  have  used  the  intensity  ratios  calculated  by  SDL  for  60/20  ratioing 
with  latex  particles,  and  we  have  applied  the  two  transfer  functions  to  these 
data.  As  can  be  seen,  the  difference  is  small  at  large  particle  sizes,  but  at 
small  particle  sizes  (where  the  slope  of  the  ratio-size  curve  approaches 
unity)  the  difference  is  about  100  percent. 


"VC 


7-yy  i  «  11 1'  «'j ■ 1  wwnww  IIP  1 V  '  ,^'rv^xr  rTJ"  -V  rj*  -x.* 


I 


<*  • 
V'. 
C" 

•_* 

i 

‘V 


TABLE  2.  CORRECTED  DATA  WORD  - 


OATA  WORD  RATIO  RANGE 


0.3120  -  0.3176 
0.306*  -  0.3120 
0.3010  -  0.306* 
0.2956  -  0.3010 
0.2903  -  0.2956 
0.2851  -  0.2903 
0.2801  -  0.2851 
0.2751  -  0.2801 
0.2702  -  0.2751 
0.2653  -  0.2702 
0.2606  -  0.2653 
0.2560  -  0.2606 
0.2514  -  0.2560 
0.2469  -  0.2514 
0.2425  -  0.2469 
0.2382  -  0.2425 
0.2339  -  0.2382 
0.2298  -  0.2339 
0.2257  -  0.2298 
0.2217  -  0.2257 
0.2177  -  0.2217 
0.2138  -  0.2177 
0.2100  -  0.2x38 

0.2063  -  0.2100 
0.2026  -  0.2063 
0.1990  -  0.2026 
0.1954  -  0.1990 
0.1919  -  0.1954 
0.1885  -  0.1919 
0.1852  -  0.1885 
0. 1819  -  0.1852 
0.1786  -  0.1819 


SIGNAL  RATIO  VALUE  (CONCLUDED). 


data  woro 

RATIO  RANGE 

96 

0.1786  -  0.1819 

97 

0.1754  -  0.1786 

98 

0.1723  -  0.1754 

99 

0.1692  -  0.1723 

100 

0.1662  -  0.1692 

101 

0.1633  -  0.1662 

102 

0.1603  -  0.1633 

103 

0.1575  -  0.1603 

104 

0.1547  -  0.1575 

105 

0.1519  -  0.1547 

106 

0.1492  -  0.1519 

107 

0.1465  -  0.1492 

108 

0.1439  -  0.1465 

109 

0.1414  -  0.1439 

110 

0.1388  -  0.1414 

111 

0.1364  -  0.1388 

112 

0.1339  -  0.1364 

113 

0.1316  -  0.1339 

114 

0.1292  -  0.1316 

115 

0.1269  -  0.1292 

116 

0.1246  -  0.1269 

117 

0.1224  -  0.1246 

118 

0.1202  -  0.1224 

119 

0.1181  -  0.1202 

120 

0.1160  -  0.1181 

121 

0.1139  -  0.1160 

122 

0-1119  -  0.1139 

123 

0.1099  -  0.1119 

124 

0.1079  -  0.1099 

125 

0.1060  -  0.1079 

126 

0.1041  -  0.1060 

127 

0.0010  -  0.1041 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 
81 
82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 


S: 

«*. 
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TABLE  3.  CORRECTED  VALUES  OF  THE  INV  OF  RATIOS  TABLE. 


BIN  # 

LSU 

VALUE 

SOL 

VALUE 

1 

0.9517 

0.9475 

2 

0.9181 

0.9140 

3 

0.8857 

0.8817 

4 

0.8544 

0.8505 

5 

0.8242 

0.8205 

6 

0.7950 

0.7915 

7 

0.7670 

0.7635 

8 

0.7398 

0.7365 

9 

0.7137 

0.7105 

10 

0.6885 

0.6854 

11 

0.6641 

0.6612 

12 

0. 6407 

0.6378 

13 

0.6180 

0.6153 

14 

0.5962 

0.5935 

15 

0.5751 

0.5725 

16 

0.5548 

0.5523 

17 

0.5352 

0.5328 

18 

0.5163 

0.5140 

19 

0.4980 

0.4,958 

20 

0.4804 

0.4783 

21 

0.4635 

0.4614 

22 

0.4471 

0.4451 

23 

0.4313  • 

0.4294 

24 

0.4161 

0.4142 

25 

0.4013 

0.3995 

26 

0.3872 

0.3854 

27 

0.3735 

0.3718 

28 

0.3603 

0.3587 

29 

0.3475 

0.3460 

30 

0.3353 

0.3338 

31 

0.3234 

0.3220 

32 

0.3120 

0.3106 

LSU 

SDL 

BIN  # 

VALUE 

VALUE 

33 

0.3010 

0.2996 

34 

0.2903 

0.2890 

35 

0.2801 

0.2788 

36 

0.2702 

0.2690 

37 

0.2606 

0.2595 

38 

0.2514 

0.2503 

39 

0.2425 

0.2414 

40 

0.2340 

0.2329 

41 

0.2257 

0.2247 

42 

0.2177 

0.2167 

43 

0.2100 

0.2091 

44 

0.2026 

0.2017 

45 

0.1954 

0.1946 

46 

0.1885 

0.1877 

47 

0.1819 

0.1811 

48 

0.1754 

0.1747 

49 

0.1692 

0.1685 

50 

0.1633 

0.1625 

51 

0.1575 

0.1568 

52 

0.1519 

0.1513 

53 

0.1466 

0.1459 

54 

0.1414 

0.1407 

55 

0.1364 

0.1358 

56 

0.1316 

0.1310 

57 

0.1269 

0.1263 

58 

0.1224 

0.1219 

59 

0.1181 

0.1176 

60 

0.1139 

0.1134 

61 

0.1099 

0.1094 

62 

0.1060 

0.1055 

63 

0.1020 

0.1018 

58.49 
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Note  that  only  63  of  the  64  possible  values  are  listed  in  Table  3.  As 
described  in  Sectioa  [II,  the  ratio  range  corresponding  to  data  words  0  and  1 
in  Table  1  are  not  used,  i.e.  ratios  in  the  range  0.9690  to  1.0000  are  not 
processed . 


C.  BI.V  CENTER  AND  BIN  WIDTH  TABLES 


mm 


The  bin  center  and  bin  width  tables  for  each  angle  pair  -  refractive  index 


combination  were  constructed  as  follows: 


1)  The  upper  and  lower  limits  on  the  particle  size  corresponding  to 
ratios  of  slightly  less  that  1.0  and  0.1  were  determined  using  the  Mie 
theory  code. 

2)  This  size  range  was  divided  into  600  increments  and  the  intensity 


ratio  was  calculated  for  each  of  these  600  sizes. 


3)  The  size  corresponding  to  the  ratio  at  the  geometric  mean  and  at  the 
transition  points  for  each  of  the  64  ratio  intervals  was  then  found  by 
linear  interpolation  from  the  600  values  calculated  in  step  2. 

4)  The  bin  center  values  were  identified  with  the  interpolated  size  at 
the  geometric  mean  of  the  ratio  range. 

5)  The  bin  width  values  were  identified  with  the  difference  between  the 
interpolated  sizes  at  the  upper  and  lower  transition  points  of  the 


ratio. 


This  procedure  is  straightforward  provided  the  function  R(x)  is  well- 
behavied,  i.e.  if  the  variation  in  R(x)  with  x  is  monotonic.  If  there  are 
local  maxima  and  minima  in  the  function  R(x)»  however,  the  inversion  process 
leads  to  multivaluedness  of  x(R) ,  and  one  is  faced  with  the  problem  of  how  to 


deal  with  this  multivaluedness. 


This  problem,  which  only  occured  in  inverting  ratio  functions  for  latex 
particles,  is  illustrated  in  Figure  12.  Within  the  ratio  range  R^  to  R^, 
there  are  two  possible  values  of  x  at  the  local  maximum  and  minimum,  and  three 
possible  values  elsewhere.  It  is  clear  that  the  inversion  problem  is 
indeterminant  --the  measurement  cannot  provide  unique  values  for  the  size  in 


the  ratio  range  Rj  £  R  <  R2 • 


To  eliminate  the  multivaluedness  of  x  for  these  situations,  the  function 
R(x)  was  simply  assumed  to  vary  linearly  between  R^  and  R^  as  shown  in  Figure 
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Figure  12.  Ambiguities  in  the  Inversion  of  Function  with  Local  Maxima  and 
Minima . 


The  problem  with  the  bin  center  tables  supplied  with  the  software  is 
illustrated  in  Figure  14,  where  we  compare  the  calculated  relationship  between 
the  intensity  ratio  and  size  with  the  corresponding  values  given  in  a  bin 
center  table.  The  particular  case  is  for  40/20  ratioing  with  latex  particles. 
Since  there  is  very  little  difference  between  our  calculated  values  and  the 
values  calculated  by  SDL,  and  the  effect  ot  the  ADC  transfer  function  is  small 
except  at  small  particle  sizes,  the  error  must  owe  to  the  implementation  of 
the  inversion  process  carried  out  by  SDL. 

The  corrected  bin  ceater  and  bin  width  tables  for  40/20,  50/20,  and  60/20 
ratioing  with  latex  (m  =  1.60)  and  soot  (m  =  1.57  -  9.56i)  are  given  in  Tables 
4  through  6.  The  corrected  values  are  compared  to  the  previous  values  in 
Figures  15  through  26. 

A  FORTRAN  program  to  calculate  the  bin  center  and  bin  width  tables  for  any 
angle  pair,  lens  f-number,  and  particle  refractive  index  has  been  provided  to 
the  Tyndall  laboratory.  Figures  14  through  25  were  obtained  using  this 
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TABLE  4.  ^^TED  VALUES  OF  THE  BIN  CENTER  AND  BIN  WIDTH  TABLE  FOR  40/20 


8IN  CENTER 

0.  1 2202 
0. 15999 
0. 18683 
0.20768 
0.22590 
0.2420J 
0.25931 
0.27851 
0.29771 
0.31306 
0.32477 
0.33418 
0.34213 
0. 34914 
0.35552 
0.36150 
0.36728 
0.37305 
0.37904 
0.38562 
0.39357 
0.40540 
0.43128 
0.44782 
0.45670 
0.46302 
0.46802 
0.47219 
0.47582 
0.47905 
0.48197 
0.48467 
0.48719 
0.48958 
0.49186 
0.49406 
0.49621 
0.49833 
0.50044 
0.50255 
0.50471 
0.50695 
0.50930 
0.51184 
0.51467 
0.51803 
0.54836 
0.58826 
0.59775 
0.60113 
0.60386 
0.60617 
0-60820 
0.61 000 
0.61  164 
0.61316 
0.61456 
0.61588 
0.61711 
0.61831 
0.61945 
0.62054 
0.62165 


SIN  WIDTH 

0.04583 
0.03146 
0.02342 
0.01899 
0.01695 
0.01674 
0.01819 
0.01975 
0.01750 
0.01335 
0.01042 
0.00860 
0.00743 
0.00666 
0.00615 
0.00586 
0.00575 
0.00585 
0.00623 
0.00712 
0.00930 
0.01752 
0.02512 
0.01144 
0.00735 
0.00557 
0.00454 
0.00388 
0.00341 
0.00307 
0.Q0281 
0.00261 
0.00245 
0.00233 
0.00224 
0.00217 
0.00213 
0.00211 
0.00211 
0.00213 
0.00219 
0.00228 
0.00244 
0.00267 
0.00306 
0.01160 
0.04063 
0.02718 
0.00387 
0.00301 
0.00251 
0 . 002 1 5 
0.00191 
0.001 72 
0.00157 
0.00146 
0.001  16 
0.00128 
0.00122 
O.UO  116 
0. 00  I  I  1 
0.00107 
0.00116 


BIN  CENTER 

0. 12220 
0. 15629 
0. 18164 
0.20276 
0.22124 
0.23780 
0.25286 
0.26670 
0.27966 
0.29191 
0.30361 
0.31485 
0.32568 
0.33614 
0.34623 
0.35595 
0.36531 
0.37430 
0.  38298 
0.39135 
0.39944 
0.40729 
0.41493 
0.42237 
0.42964 
0.43676 
0.44374 
0.45059 
0.45731 
0.46390 
0.47037 
0.47672 
0.48295 
0.48906 
0.49505 
0.  50092 
0.  50668 
0.5)234 
0.51789 
0.52334 
0.528  70 
0.53398 
0.53917 
0.54429 
0.54933 
0.55432 
0.55924 
0.56410 
0.56891 
0.57367 
0.57838 
0.58305 
0.58  76  7 
0.59225 
0.59678 
0.60128 
0.60575 
0.61017 
0.61456 
0.61892 
0.62325 
0.62755 
0.63209 


BIN  WI07H 

0.04231 

0.02884 

0.02295 

0.01968 

0.01746 

0.01576 

0.01443 

0.01336 

0.01258 

0.01196 

0.01146 

0.01103 

0.01064 

0.01027 

0.00990 

0.00954 

0.00918 

0.00883 

0.00852 

0.00823 

0.00797 

0.00774 

0.00754 

0.00736 

0.00719 

0.00705 

0.00691 

0.00678 

0.00666 

0.00653 

0.00641 

0.00629 

0.00617 

0.00604 

0.00593 

0.00582 

0.00571 

0.00560 

0.00550 

0.00541 

0.00532 

0.00523 

0.00516 

0.00508 

0.00501 

0.00495 

0.00489 

0.00484 

0.004  78 

0.004  73 

0.00469 

0.00464 

0. 00460 

0.00456 

0. 00452 

0 . 00448 

0 . 00444 

0 . 0044 1 

0. 004 38 

0.UU434 

0. 004 32 

0. 00429 

0.00480 
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TABLE  5.  CORRECTED  VALUES  OF  THE  SIN  CENTER  .AND  BIN  WIDTH  TABLES  FOR  50/20 
RATIOING. 


LATEX 

SOOT 

1 

aiM  # 

61 H  CENTER 

BIN  WIDTH 

BIN  CENTER 

BIN  WIDTH 

;j 

i 

0.0 9286 

0.03510 

0.09444 

0 .03420 

2 

0.  12285 

0.02626 

0. 12261 

0.02411 

3 

0.  14620 

0.02094 

0. 14377 

0.01893 

4 

0.  16509 

0.01707 

0. 16097 

0.01576 

5 

0.  18065 

0. 01434 

0. 17563 

0.01381 

*  w  j| 

6 

0.  19390 

0.01234 

0.  18870 

0.01242 

7 

0.20548 

0.01094 

0.20057 

O.OH39 

8 

0.21590 

0.01001 

0.21154 

0.01057 

9 

0.22559 

0.00945 

0.22175 

0.00989 

10 

0.23488 

0.00920 

0.23133 

0.00929 

1  1 

0.24407 

0.00927 

0.24035 

0.00877 

12 

0.25349 

0.00964 

0.24888 

0.00831 

13 

0.26343 

0.01028 

0.25699 

0.00791 

m 

14 

0.27405 

0.01094 

0.264  70 

0.00755 

»  A 

15 

0.28518 

0.01107 

0.27211 

0.00727 

%v 

16 

0.29594 

0.01023 

0.27925 

0.00701 

«  1 

IT 

0.30551 

0.00886 

0.28614 

0.00678 

16 

0.31369 

0.00755 

0.29282 

0.00658 

< 

19 

0.32068 

0.00650 

0.29931 

0.00641 

„  ? 

20 

0.32675 

0.00569 

0.30564 

0.00625 

21 

0.33211 

0.00507 

0.31181 

0.00610 

& 

22 

0.33692 

0.00458 

0.31784 

0.00597 

23 

0. 34129 

0.00419 

0.32374 

0.00584 

xr-i 

24 

0.34533 

0.00389 

0.32952 

0.00571 

■n 

25  ' 

0.34908 

0.00363 

0. 33517 

0.00559 

26 

0.35261 

0.00343 

0.34069 

0.00547 

•  w 

27 

0.35595 

0.00327 

0. 34610 

0.00535 

V. 

26 

0.35915 

0. 00313 

0.35138 

0.00523 

29 

0.36223 

0.00303 

0.35655 

0.00511 

•  % 

i  >  1 

30 

0.36522 

0.00296 

0.36160 

0.00499 

V, 

31 

0.36815 

0.00291 

0.36653 

0.00486 

32 

0.37104 

0.00288 

0.37135 

0.00476 

33 

0.37392 

0.00289 

0.37606 

0.00466 

S9 

34 

0.37682 

0.00293 

0.38066 

0.00455 

35 

0.37978 

0.00300 

0.38516 

0.00445 

-"kB 

36 

0.38284 

0.00313 

0.38957 

0.00436 

37 

0.38606 

0.00332 

0.39389 

0.00427 

'■Vl 

38 

0.38951 

0.00363 

0.39812 

0.00419 

39 

0.39335 

0.00411 

0.40226 

0.00411 

40 

0.39782 

0.00495 

0.40633 

0.00403 

‘w  B 

41 

0.40344 

0.00665 

0.41033 

0.00396 

»j£J 

42 

0.41179 

0.01 139 

0.4(426 

0.00390 

'  - 

43 

0.42766 

0.01746 

0.41813 

0.00384 

44 

0.44187 

0.01043 

0.42194 

0.00378 

.A 

45 

0.45000 

0.00671 

0.42569 

0.00372 

vrf" 

46 

0.45575 

0.00506 

0.42939 

0.00367 

%  1 

47 

0.46027 

0.0041  1 

0.43303 

0.00362 

46 

0.46404 

0.00348 

O.U3663 

0.00358 

49 

0.46728 

0.00303 

0.44019 

0.00353 

50 

0.47013 

0. 00270 

0.44370 

0.00349 

$ 

51 

0.47269 

0.00243 

0.44717 

0.00345 

52 

0.47501 

0.00222 

0.45060 

0.00341 

53 

0.47714 

0.00205 

0.45399 

0.00337 

54 

0.4  791  1 

0.001 90 

0. 45734 

0.00313 

y 

55 

0.48095 

0.00177 

0.46065 

0.00330 

56 

0.48267 

0.00167 

0.46393 

0.00326 

57 

0.48429 

0.00158 

0.46717 

0.00123 

.%  - 1 

56 

0.48582 

0.00149 

0.47038 

0.00H9 

59 

0.48728 

0,00142 

0.4  7355 

0.003  <6 

4 1. 

60 

0.48867 

0.001 36 

0.4  76  70 

0.00312 

61 

0.49000 

0.00131 

0.4/980 

0.00309 

62 

0.49128 

0.00126 

0.48288 

0.00106 

63 

0.49259 

0.00136 

0.466  1  1 

0.00141 

w** 

■>*> 
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TABLE  6.  CORRECTED  VALUES  OF  THE  BIN  CENTER  AND  BIN  WIDTH  TABLES  FOR  60/20 
RATIOING. 


LATEX  SOOT 


BIN  | 

BIN  CENTER 

BIN  WIDTH 

BIN  CENTER 

BIN  WIDTH 

1 

0.07603 

0.02863 

0.07772 

0.02850 

2 

0. 10038 

0.02179 

0. 10166 

0.02077 

3 

0.12008 

0.01802 

0. 12008 

0.01658 

4 

0.13668 

0.01536 

0.13518 

0.01388 

5 

0. 15094 

0.01328 

0.14805 

0.01202 

6 

0. 16333 

0.01159 

0.15934 

0.01063 

7 

0. 17415 

0.01018 

0.  16943 

0.00966 

8 

0. 18378 

0.00911 

0.17868 

0.00889 

9 

0. 19243 

0.00822 

0. 18724 

0.00828 

10 

0.20028 

0.00752 

0. 19526 

0.00778 

11 

0.20751 

0.00697 

0.20282 

0.00736 

12 

0.21425 

0.00654 

0.20999 

0.00699 

13 

0.22061 

0.00622 

0.21681 

0.00667 

14 

0.22671 

0.00600 

0.22333 

0.00638 

15 

0.23263 

0.00586 

0.22957 

0 . 006 1 1 

16 

0.23844 

0.00580 

0.23556 

0.00586 

17 

0.24424 

0.00582 

0.24131 

0.00564 

18 

0.25010 

0.00592 

0.24684 

0.00543 

19 

0.25610 

0.00610 

0.25217 

0.00524 

20 

0.26232 

0.00636 

0.25733 

0.00507 

21 

0.26883 

0.00666 

0.26232 

0.00490 

22 

0.27564 

0.00694 

0.26714 

0.00477 

23 

0.28268 

0.00709 

0.27184 

0.00463 

24 

0.28975 

0.00698 

0.27641 

0.00451 

25 

0.29658 

0.00661 

0.28087 

0.00440 

26 

0.30294 

0.00608 

0.28522 

0.00430 

27 

0.30873 

0.00550 

0.28947 

0.00421 

28 

0.31395 

0.00496 

0.29363 

0.00412 

29 

0.31867 

0.00449 

0.29771 

0.00404 

30 

0.32294 

0.00408 

0.30171 

0.00396 

31 

0.32684 

0.00374 

0.30563 

0.00389 

32 

0.33043 

0.00344 

0.30VI9 

0.00382 

33 

0.33374 

0.00320 

0.31328 

0.00376 

34 

0.33682 

0.00298 

0.31701 

0. 00370 

35 

0.33971 

0.00279 

0.32068 

0.00364 

36 

0.34242 

0.00263 

0.32430 

0.00358 

37 

0.34498 

0.00249 

0.32785 

0.00353 

38 

0.34741 

0.00237 

0.33136 

0.00347 

39 

0.34972 

0.00226 

0.33480 

0.00342 

40 

0.35192 

0.00216 

0.33820 

0.00337 

41 

0.35403 

0.00207 

0.34154 

0.00332 

42 

0.35606 

0.00199 

0.34483 

0.00326 

43 

0.35802 

0.00192 

0.34807 

0.00321 

44 

0. 35991 

.  0.00186 

0.35126 

0.00316 

45 

0. 36175 

0.0U181 

0.35440 

0.00311 

46 

0.36353 

0.00176 

0.35749 

0.00306 

47 

0.36526 

0.00172 

0.36053 

0.00302 

48 

0.36696 

0.00168 

0.36352 

0.00297 

49 

0.36862 

0.00164 

0.36646 

0.00292 

50 

0.37025 

0.00162 

0.36936 

0.00287 

51 

0.37185 

0.00159 

0.37221 

0.00283 

52 

0.37344 

0.00158 

0.37502 

0.002  78 

53 

0. 37501 

0.00156 

0.37778 

0.00274 

54 

0.37657 

0.00155 

0.38050 

0.00270 

55 

0.37812 

0.00155 

0.38318 

0.00266 

56 

0.37966 

0.00155 

0.38581 

0.00262 

57 

0.38122 

0.00156 

0. 38841 

0.00258 

58 

0.38278 

0.00157 

0.39097 

0.00254 

59 

0.38436 

0.00159 

0.39350 

0.00251 

60 

0.38596 

0.00162 

0.39599 

0.00247 

61 

0. 38  760 

0.00165 

0.39844 

0.00244 

62 

0.38927 

0.001  70 

0 . 40086 

0.00241 

63 

0.39112 

0.00199 

0. 40340 

0.00267 

•  *  w 
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SECTION  VI 


PROGRESS  ON  PROBE  VOLUME  CORRECTIONS 


A.  OVERVIEW 

In  addition  to  local  particle  size  distributions,  the  particle  number 
density  is  an  important  parameter  for  characterizing  a  sooting  flame.  That 
is,  one  desires  to  know  local  values  of  the  number  of  particles  per  unit 
volume.  A  difficulty  arises  in  obtaining  this  parameter  from  the  intensity 
ratio  data  because  the  effective  sampling  volume  varies  with  particle  size. 

The  particular  relationships  between  particle  size  and  sampling  volume 
depend  on: 

1)  the  variation  of  incident  light  intensity  in  the  sample  space, 

2)  the  scattering  characteristics  of  the  particles, 

3)  the  aperatures  of  the  collection  optics,  and 

4)  the  data  validation  criteria  of  the  signal  processor. 

We  have  discussed  the  second  and  the  fourth  of  these  dependencies  in  the 
previous  sections,  although  we  have  yet  to  show  how  they  relate  to  sample 
volume.  We  will  do  this  qualitatively  below,  after  first  describing  an 
appropriate  model  for  the  distribution  of  the  incident  intensity  in  the  sample 
space.  We  will  then  show  how  the  optical  aperature  (the  entrance  pupil)  of 
the  collection  optics  also  varies  with  position  within  the  sample  space. 
Finally,  we  will  describe  a  computer  simulation  of  the  intensity  ratioing 
technique  that  can  eventually  be  used  to  obtain  probe  volume  corrections. 

B.  INCIDENT  INTENSITY  DISTRIBUTION 

The  distribution  of  radiation  intensity  near  the  waist  of  a  focused  laser 
beam  is  given  by 


I(r,z)  _ 

1(0,0) 


1  * 

o 


wo2|,  .  (jli)2]1- 

O 


where  z  is  the  distance  along  the  beam  axis  (measured  from  the  beam  waist), 

r  is  the  transverse  distance  from  the  beam  axis,  w  is  the  beam  waist  radius 

0  2 

(the  distance  from  the  beam  axis  where  the  intensity  falls  to  1/e  the  value 
at  the  axis),  and  \  is  the  wavelength. 
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The  beam  waist,  diameter  depends  on  the  diameter  of  the  original  beam  that 

■> 

is  being  focussed.  As  above,  we  also  mean  the  diameter  at  the  l,'ew  level,  as 
we  will  throught  this  discussion.  Approximately, 


4  A  f 
w  =  — - — 
o  n  d. 


124) 


where  f  is  the  focal  length  of  the  focussing  lens  and  d^  is  the  diameter  of 
the  original  beam.  For  a  discussion  on  approximate  nature  of  this  relation 
see  References  13  and  14. 

In  principle,  given  the  original  beam  diameter,  the  focal  length  of  the 
focussing  lens,  and  the  laser  beam  power,  one  can  completely  describe  the 
spatial  variation  of  the  beam  intensity  at  and  about  the  beam  waist.  As 
pointed  out  in  Section  II. B. 4,  however,  neither  the  original  beam  diameter  or 
the  beam  power  is  known  for  the  system  under  investigation.  Nevertheless, 
equations  (23)  and  (24)  ace  needed  for  the  further  developments  described 
below. 


C.  DATA  VALIDATION  CRITERIA  AND  SCATTERING  CHARACTERISTICS 

The  effect  of  data  validation  criteria  on  the  sample  volume  is  easily 
described  as  follows.  Consider  a  particle  of  a  particular  size  d^n  passing 
through  the  exact  midpoint  of  the  beam  waist.  As  shown  by  equation  (23),  the 
incident  intensity  on  the  particle  is  1(0,0)  =  Iq.  Let  the  high  voltage 

supply  to  the  large  angle  PMT  be  adjusted  so  that  the  maximum  voltage  of  the 
resulting  pulse  from  the  log  amp  is  4.0  V,  i.e.  the  minimum  voltage  criteria. 

Now  suppose  that  the  particle  passes  through  the  waist  at  some  point 
removed  from  the  exact  center.  As  seen  from  equation  i23),  the  incident 
intensity  is  less  than  Iq,  and  we  would  expect  the  intensity  of  the  scattered 
light  also  to  be  less  than  when  the  particle  passes  through  the  center  That 
is,  the  maximum  value  of  the  resulting  voltage  pulse  will  be  less  than  40V 
-  -  the  s  igna  1  will  be  identified  as  tnva  lid  and  it  will  not  be  processed 
Thus  the  effective  sampling  volume  for  a  particle  of  d  ^  approaches  zero 

A  similar  reduction  in  tne  peak  voltage  generated  by  a  particle  larger 

than  d  will  also  occur  But  it  must  be  displaced  a  finite  distance  from 
min 

the  center  of  the  waist  before  the  peak  voltage  falls  below  •«  0  V  One  ^oull 
in  principle,  trace  out  the  locus  of  positions  away  from  the  .enter  of  the 
beam  waist  where  the  peak  voltage  falls  to  ••  0  V  This  would  define  the 
effective  sampling  volume  for  this  particle 


One  can  imagine  an  exceptional  case  for  a  particle  of  size  d  ,  where  the 

nun 

effective  volume  is  greater  than  zero.  Suppose  its  directional  scattering 
characteristic  are  such  that  the  amount  of  light  scattered  and  collected  by 
the  large  angle  lens  increases  because  of  a  different  scattering  angle  at  its 
off-center  position.  If  this  increase,  at  least,  compensates  for  the 
reduction  in  incident  intensity,  the  voltage  pulse  will  have  a  maximum  equal 
to  or  greater  than  4.0  V  when  it  passes  through  the  off-center  location,  and 
the  sample  volume  will  therefore  be  greater  than  zero.  Thus  the  sample  volume 
can  be  effected  by  both  the  intensity  varations  in  the  sample  space  and  the 
scattering  characteristics  of  the  particle. 

D.  ENTRANCE  PUPIL 

The  sampling  volume  can  also  be  affected  by  variations  in  the  effective 
aperature  '..entrance  pupil)  of  the  collection  optics.  We  decribe  below  a 
simple  case  to  show  how  the  entrance  pupil  varies  with  the  relative  position 
of  the  particle  in  the  collection  optics  geometry.  We  then  treat  this  effect 
quantitatively . 

1.  Single  Collection  System 

Consider  a  single  collection  optics  system  consisting  of  a  matched 
pair  of  lenses  of  focal  length  f  and  diameter  d^,  and  a  pinhole  aperature  of 
diameter  d^  located  at  one  of  the  focal  points  of  the  two  lenses,  as  shown  in 
Figure  2'.  We  have  shown  the  pair  of  matched  lenses  as  a  single  lens  in  this 
figure  Now  consider  a  point  source  of  light  at  some  arbitrary  position 

(x.O.z),  where  the  origin  of  the  coordinate  system  is  located  at  the  focal 
point  f  What  is  the  open  aperature  for  the  collection  of  the  emitted  light 
tft r : ugh  the  lens  and  the  p inhole  aperature? 

An  application  of  geometric  optics  provides  the  answer  by  the 
: 1  .  .  -  .  t.  g  two  steps  'refer  to  Figure  27). 

1  pro;ect  the  pinhole  aperature  from  the  image  space  into  the  object 
•'Pi'e  This  projection  will  result  in  the  image  of  the  pinhole  being 

-r.tere-i  at  at  the  z-axis  in  the  x-y  plane  at  the  focal  point  f,  i.e. 

it  z  z 

.  ■  •>  t  tie  .  . :  t.  . -  .mage  through  the  point  (x.O.z)  onto  the  x-y  plane 

:  ■  •  .-rs  *•  «■  entrance  pupil  will  be  the  intersection  of  the 

.  r  .:e:  i :  , :  -  :  t.ne  pinhole  iwith  radius  centered  at 

3 .  '  j 


APERATURE 

IMAGE 


LENS  PLANE 


Schematic  Representation  of  the  Object  Space  for  a  Single  Lens- 
Pinhole  Optical  System. 


Construction  for  Calculating 


8  with  the  laser  bejm  mis,  in<l  <9  is  !am  is  i  2  This  instruction 

>  <i 

provides  the  polar  coordinates  8  arul  r  *  r  t  the  entr  il  it  the  entran  e 
pupil  n  'he  loliectim  lens  surface  The  ir i(in  of  the  polar  inordinate 

svstem  is  at  the  point  where  a  line  from  the  particle  location  s,y ,z)  iriwn 
parallel  to  the  i  axis  intercepts  the  x-y  plane  of  the  collection  lens  The 
scattering  angles  *3  and  £  can  then  be  calculated  as  described  in  Section 

III  F.  i  e  equations  tlo)  with  f  replaced  by  f-z  and  r  replaced  bv  r  *  r 
The  angle  beta  is  given  by  tan  l<-x/-v> 

2  Dual  Jol  Lection  System 

For  a  collection  system  with  two  Lens-pinhole  combinations  alligned  at 
angles  6^  and  8.,  to  the  beam  axis,  the  entrance  pupil  for  eacn  of  them  can  be 
Jetermmed  as  described  above  We  show  schemat  ica  1  ly  m  Figure  31  the 

characteristics  for  a  40°/'20o  system 

Consider  the  system  response  for  a  very  small  particle  (x  <  0.1)  for 
which  the  intensity  of  the  scattered  light  is  spatially  uniform.  The 
intensity  ratio  for  this  particle  will  be  1.0  at  all  collection  angles.  If 
the  particle  passes  through  region  I,  in  which  the  entrance  pupils  for  both 
collection  systems  are  determined  by  the  lens  apertures,  the  measured  ratio 
will  be  1.0.  A  particle  passing  through  region  II,  however,  will  result  in  a 
measured  ratio  less  than  1.0.  This  owes  to  a  reduction  in  the  entrance  pupil 
of  the  large  angle  collection  system  while  the  entrance  pupil  to  the  narrow 
angle  collection  system  remains  limited  by  its  lens  apperature.  Thus  the 
power  of  the  light  collected  by  the  large  angle  system  will  be  reduced 
(because  of  a  smaller  entrance  pupil)  while  the  power  collected  by  the  small 
angle  system  will  be  unaffected.  The  degree  of  reduction  depends  on  the 
particular  positioa  in  regions  II  through  which  the  particle  passes;  near  the 
outer  edge  the  ratio  will  go  to  zero. 

The  opposite  occurs  in  regions  III  --  the  power  collected  by  the 
narrow  angle  system  is  reduced  while  that  collected  by  the  large  angle  system 
remains  the  same.  Thus  the  measured  ratio  will  be  greater  than  1.0  In  the 
overlapping  regions,  both  entrance  pupils  are  reduced  and  the  measured  ratio 
may  fall  between  zero  and  infinity  depending  on  the  positioa  of  the  particle 
within  these  regions. 


tic  Representation  of  the  Object  Space  for  a  Dual  Lena-Pmhole 
1  Systea. 


SIMULATION  OF  THE  IPPS  SYSTEM 


In  order  to  stu.lv  the  ettects  discussed  jbove  on  intensity  ratio 

measurements  we  have  written  a  FORTRAN  program  to  simulate  the  IPSS  The 

simulation  program  is  constructed  as  tolLows: 

I'  An  xyz  coordinate  system  is  established  at  the  center  of  the 

focussed  laser  beam  waist  (the  sample  point).  The  x-axis  is 

aliened  with  the  electric  field  vector  of  the  laser  and  the  z  axis 

is  coincident  with  the  axis  of  the  laser.  The  beam  intensity  at  the 

origin  is  set  to  an  arbitrary  value  I  ,  and  the  beam  waist  diameter 

o 

is  set  to  an  arbituarv  value  w 

o 

L  >  Two  optical  collection  systems  are  established  at  arbitrary  angles 

0  and  0  with  the  optical  axis  in  the  y-z  plane,  i.e.  <4  .  =  ®  „  = 
oA  oB  r  r  oA  oB 

rt/2.  A  coordinate  system  x^y^z^  xByBzB  15  established  for  the 

two  optical  systems  with  the  origins  at  the  origin  of  the  xyz 

system,  and  and  x0  alligned  with  x.  Angle  A  is  the  large  angle 

and  B  is  the  small  angle. 

3)  A  particle  of  arbitrary  size  and  refractive  index  is  passed  through 

the  sample  space  along  any  arbitrary  trajectory,  although  a 

trajectory  parallel  to  either  the  x  or  the  y  axis  is  most 

meaningful.  The  coordinates  of  the  particle  in  the  x.y.z.  and 

AAA 

xByBzB  *ystcm  are  obtained  by  simple  coordinate  transformations, 
i  .  e  . 

x  =  x 
i 

y  =  y  cosQ  -  z  sin0  i  =  A.B 

101  Ol  * 

z  =  y  sinfl  ♦zcosQ 
i  o  1  o  1 

-* )  The  entrance  pupil  areas,  and  the  scattering  angles  and  scattering 

distances  to  the  enhanced  pupil  centroids  are  then  calculated  for 

each  of  the  two  collection  systems  as  described  above. 

3)  The  incident  intensity  at  the  particle  position  is  calculated  from 

equation  l Zi I . 


/ 


J 


i 


SI 


r>6. 01 


"ith  the  incident  beam  intensity,  particle  size  and  retractive 


index,  entrance  pupils,  and  scattering  parameters  known,  the  power 
t  the  scattered  light  is  calculated  tor  each  optical  system  by 
equation  i.  1 ' 1  .  Rather  than  integrating  over  the  entrance  pupil, 
nowever.  the  power  dP  at  the  centroid  is  simply  multiplied  by  the 
irea  ot  the  entrance  pupil. 


7'  The  outputs  of  the  dual  channel  log  amplifier  V  and  V  are 

A  B 


;alculated  from  equation  (5).  This  required  prior  "calibration". 


The  constants  k  and  kn  were  obtained  from  Figure  2  and  the  value 
A  B 


of  k  was  obtained  from  typical  Tyndall  laboratory  results,  i.e. 


when  the  small  angle  PMT  voltage  supply  is  set  to  V_  =  1512  V, 

o 


0  .  3b4  pm  latex  particles  provide  output  voltages  pulses  with  peak 
values  ranging  up  to  8.72  V.  The  program  was  run  for  this  particle 
size  located  at  the  origin  of  the  xyz  system  and  the  power  collected 


by  the  narrow  angle  lens  system  Pg  was  calculated.  Setting 


8.72  V  in  equation  (5)  and  solving  for  the  k^  provides  its  value. 


In  a  similar  manner,  the  constant  Kg  was  determined.  With  the  Large 


angle  PMT  high  voltage  set  to  1435  V,  the  measured  intensity  ratio 
for  a  0.364  pm  latex  particle  is  0.425.  From  equations  (5)  and  (6). 


VB  •  2  l°*  <5>  *  2  <"»  *  ‘A  E»  *  l0*  V 


P.  was  calculated  as  above  aad  k  was  then  determined. 
A  A 


8)  The  data  validation  criteria  are  then  applied.  For  valid  signals, 
(VA  >  4.0  V,  Vg  <  10.0  V),  the  intensity  ratio  is  then  calculated 
and  sorted  into  a  64  bin  histogram. 


We  have  not  yet  tested  this  simulation  program  extensively.  Our  initial 
results,  however,  indicate  that  the  entrance  pupil  -  data  validation  effects 
do  not  cause  a  broadening  of  the  intensity  ratio  distribution,  as  was  found  by 
Hirleman  (Reference  15)  for  a  narrow-angle,  slit  aperature  system.  It  was 
this  possibility  that  was  one  of  the  motivations  for  developing  the 


simulation. 
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£  r'ROBE  VOLUME  CORRECTION 


Bt-Ljuse  ot  the  complex  dependencies  of  the  sample  volume  on  intensity 
'Hsti'/jutions,  beam  -aist  diameter.  entrance  pupils  and  the  like,  an 
jnaivt iuj!  evaluation  if  the  probe  volume  corrections  is  unlikely.  They  can, 
however,  he  leternuned  with  the  system  simulation.  This  can  be  done  as 
follows  for  a  system  with  given  collection  angles,  lens  F-numbecs,  pinhole 
diameters,  and  beam  waist  diameter: 

1)  particles  of  refractive  index  m,  with  sizes  equal  to  the  bin  centers 
for  the  particular  angle  pair,  can  be  "measured"  with  the  simulation 
program  at  points  on  a  grid  in  the  y-z  or  x-z  plane  of  the  sample 

vo 1 ume . 

C)  At  each  grid  point,  the  output  voltage  from  the  large  angle  channel 
of  the  log  amp  can  be  calculated. 

3)  The  4.0  V  contour  in  the  pLane  can  then  be  determined  with  standard 
contour  routines. 

The  area  enclosed  by  the  4.0  V  contour  will  be  the  desired  probe  volume 
"s  ize"  . 

For  probe  volume  corrections  of  any  reasonable  accuracy,  an  accurate 
value  for  the  beam  waist  diameter  will  be  needed.  As  mentioned  in  Section  II, 
this  value  is  presently  unknown  for  the  Tyndall  system. 


SECTION  VI r 


CONCLUSIONS  AND  RECOMMENDATIONS 

V  CONCLUSIONS 

The  following  objective  have  been  accomplished 

1)  The  software  for  the  IPPS  has  been  modified  to: 

•  correct  the  CRT  display  of  ratio  histograms 

•  correct  the  CRT  display  of  valid-invalid  data  counts 

•  correct  the  data  aquisition  rate  reduction  after  using  the  particle 
size  distribution  routine 

correct  the  line  aad  page  control  on  hard-copy  output 

2)  The  software  has  been  extended  to: 

•  allow  variable  scaling  for  particle  size  distributions 

•  annotate  hard  copy  plots 

•  implement  single-channel  data  aquisition 

•  calculate,  display,  store,  and  print  single  channel  voltage 
distributions 

3)  The  INV  OF  RATIO  table  has  been  corrected. 

4)  The  bin  center  and  bin  width  tables  have  been  corrected  for  40/20, 
50/20,  and  60/20  ratioing  with  latex  and  soot. 

5)  A  FORTRAN  program  to  calculate  bin  center  and  bin  width  tables,  for 
any  angle  pair,  lens  f-numbers,  and  any  particle  retractive  index,  has 
been  written  and  provided  to  the  Tyndall  laboratory. 

6)  Substantial  progress  has  been  made  on  correcting  probe  volume 
correction  tables.  This  progress  is  represented  by  a  FORTRAN  program 
to  simulate  the  operation  of  the  IPSS  for  intensity  ratio  measure¬ 
ments.  It  was  not  possible,  however,  to  calculate  the  probe  volume 
corrections  without  additional  detailed  information  on  the  configur- 


5,  RECOMMENDATIONS 


In  order  Co  implement  the  probe  volume  correction  work,  and  to  provide 
additional  quantitative  information  on  the  IPSS  characteristics,  the  following 
steps  are  recommended. 

1)  The  power  of  the  *88  urn  beam  should  be  measured  as  a  function  of  laser 
current . 

2 

2)  The  beam  diameter  (1/e  )  should  be  measured  as  a  function  of  the  focal 
length  setting  of  the  beam  expander. 

3)  For  a  given  scatterer,  say  a  microscope  cover  slip,  the  A  and  B 
channel  output  of  the  log  amplifier  should  be  measured  as  a  function 
of  laser  current  at  nominal  operating  levels  of  the  photomultiplier 
high-voltage  power  supplies. 

The  first  two  of  these  tasks  will  provide  information  about  the  incident 
intensity  distribution  of  the  beam  waist  (the  sample  point)  necessary  to 
implement  the  probe  volume  corrections.  The  third  will  provide  information  to 
completely  characterize  the  PMT  responses. 

When  this  information  is  available,  it  is  further  recommended  that  the 
simulation  program  be  used  to 

l*)  Calculate  the  narrow  voltage  distribution  for  latex  particle  sizes  and 
pinhole  diameters  routinely  used  in  calibration.  A  comparison  of 
measured  narrow-angle  voltage  distributions  (at  various  settings  of 
the  narrow-angle  PMT  power  supply)  with  the  calulated  distribution 
will  provide  a  much  improved  method  for  instrument  calibration. 

5)  Calculate  the  probe  volume  corrections  for  routinely  used  expanded 
beam  diameters  and  pinhole  diameters. 
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